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Substitutional doping of hydrogenated amorphous silicon (a-Si:H) and germanium (a-Ge:H) with
phosphorus, arsenic, and boron has been investigated, with use of electron-spin-resonance tech-
niques, optical absorption, and transport measurements. Doping-induced changes in the density of
shallow states and deep defects (dangling bonds) are compared for the different doping-host systems.
Hyperfine spectra of neutral donor levels are observed in spin resonance and used to deduce a micro-
scopic picture of the underlying donor wave functions. Based on the dependence of the occupancy
of deep and shallow states on doping levels and temperature, a detailed model for the electronic den-
sity of states in n-type a-Si:H and a-Ge:H below the conduction-band mobility edge is obtained.
Furthermore, similar studies in nominally compensated a-Si:H are used to discuss the location of
boron acceptor states in this material as well as questions concerning light-induced creation of meta-
stable dangling bonds. Experimental evidence for the existence of exchange-coupled electron-hole
pairs in compensated a-Si:H is presented. For an investigation of the doping process, the incorpora-
tion of the various dopant atoms from the deposition gas phase into the amorphous film has been
studied by secondary-ion mass spectroscopy. The concentration of electronically active dopants in
the deposited film is related to the total concentrations of dopants in the solid or the deposition gas
phase for a calculation of the corresponding doping efficiencies. The results are discussed in the
context of previous doping models based on the octet rule for chemical valences and of a new model
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concerning charge-induced structural transitions between weak bonds and dangling bonds.

I. INTRODUCTION

Hydrogenated amorphous silicon, a-Si:H, is at present
the most extensively studied and also the best understood
amorphous semiconductor. The great interest in this ma-
terial is mainly due to its promising applications for
large-area thin-film transistors, solar cells, and a variety
of other devices.! Two basic discoveries have made possi-
ble the use of amorphous silicon as the base material for
electronic devices. The first and probably the most im-
portant result is that incorporation of hydrogen (or, more
recently, fluorine) as a monovalent bond terminator allows
one to reduce the large densities of electronically active
dangling-bond defects from ~10'" cm~ in pure a-Si to
around 10" cm~3 in state-of-the-art hydrogenated amor-
phous silicon. Microscopically this family of defects can
be pictured as nonbonding (““dangling”) sp-hybrid orbitals
of Si atoms in different nearest-neighbor environments.
In its neutral state, Si:’, a dangling-bond orbital is occu-
pied by a single, unpaired valence electron of the corre-
sponding silicon atom. (In the notation employed in the
following, the chemical symbol characterizes the atom at
which a given electronic state is localized, the lower index
denotes the coordination number of this atom, and the
upper index gives the net charge of the state. Thus a
dangling-bond Siy° corresponds to a neutral, threefold-
bonded silicon atom.) Therefore, the Si° state is
paramagnetic and can be detected in an electron-spin-
resonance (ESR) experiment, with a characteristic g value
of 2.0055.23 The neutralization of the dangling-bond de-
fects has been and still is a major requirement for many
applications of amorphous silicon, since the Si; states lie
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near the middle of the electronic gap of a-Si and therefore
can very efficiently capture excess electrons or holes intro-
duced by illumination or carrier injection.*>

The second discovery which helped to make amorphous
silicon a potential material for device applications was re-
ported by Spear and LeComber in 1975.° These authors
found that adding phosphine (PHj;) or diborane (B,Hg) to
the silane (SiH,) gas used for the deposition resulted in
large changes of the absolute values and the activation en-
ergies of the dark conductivity. The most reasonable ex-
planation for the observed changes is a substitutional dop-
ing effect of the group-V P atoms and the group-III B
atoms in analogy to what is seen in crystalline silicon.
However, in 1975, it was also widely believed that substi-
tutional dopant states in an amorphous semiconductor
were improbable, because the flexibility of a disordered
network would accommodate the different bonding re-
quirements of group-III and -V atoms without forcing
them into a substitutional, fourfold-coordinated site.
Thus, before continuing further, it seems appropriate to
recall in slightly more detail the concept of substitutional
doping in crystalline silicon and likely modifications of
this concept in the amorphous counterpart.

Substitutional doping by group-III and -V atoms in a
group-IV crystal is a consequence of the topological con-
straints imposed by the nearest-neighbor atoms on the
possible bonding configurations of the substitutional
dopant atom. In the case of fourfold coordinated phos-
phorus, P,, the local and the long-range bonding symme-
try is preserved, i.e., only (rotationally symmetric) o bonds
between sp-hybridized orbitals are formed. This allows us
not only to increase the number of bonds from three to

5666 ©1987 The American Physical Society



35 DETAILED INVESTIGATION OF DOPING IN HYDROGENATED. ..

four but also, according to Table I, to achieve the bonding
configuration with the largest relative bond strength at
the given bond length. The cost, however, is the promo-
tional energy E,, necessary to excite the electrons out of
the atomic s and p orbitals into the hybridized sp?® orbi-
tals. As shown in Table II, this energy is roughly equal to
the s —p transitional energy, E, —E;, with typical values
around 7 €V for the elements of interest here. Thus, rela-
tive to the atomic state, the energy of a substitutional
phosphorus atom can be written as

EC(P4)=EprO—-4EB+EAB N (1a)

where Eg is the bonding energy gained per electron in the
o-bonding states and E ,p the energy necessary to put the
additional fifth electron into an empty antibonding orbi-
tal.

In a similar way, the corresponding energy of a phos-
phorus atom with threefold coordination is

E.(Py)=3yEp+Ep . (1b)

Here, the coefficient ¥ <1 describes the reduction in
bonding energy caused by the loss of o symmetry for the
bonds in the P; configuration. This leads to an admixture
of ppw character of the P—Si bonds and thereby, accord-
ing to Table I, to a significant lowering in bond strength.
Moreover, the positive distortion energy Ep in Eq. (1b)
takes into account that the surrounding Si network will no
longer be in the energetic ground state of the ideal crystal,
but will contain distorted and even broken ‘“‘dangling”
bonds. Of course, doping occurs in the crystalline case
with an efficiency close to 1, so that empirically
E (P,) < E.(P3), i.e., the loss in bonding energy and the
additional distortion energy for the case of threefold coor-
dination outweigh the promotional energy necessary for
the fourfold-coordinated configuration.

We have chosen the above “tight-binding” picture for
the description of doping in crystalline group-IV semicon-
ductors because it can easily be extended to the case of
dopant atoms such as P or B incorporated into an amor-
phous network of Si or Ge atoms. These amorphous
phases, a-Si and a-Ge, can be characterized by a conser-
vation of tetrahedral short-range order, but a complete
loss of long-range order, i.e., ordering of bonding configu-
rations extending beyond distances of typically 10 A.”~°
If we now consider a dopant atom like P in such an amor-

TABLE 1. Relative bond strength for various bonding con-
figurations at a given bond length (Ref. 60). (i,j=2,3.)

Relative

Bond strength
sso 1.0
spo 1.1
ppo 1.7
(sp)so 1.5
(splpo 2.0
(sp')spo 2.5
ppT 0.5
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TABLE II. Atomic Hartree-Fock energies of s and p orbitals
(Ref. 60) and sp® promotional energies E,, for various elements
[ Epro=+N(E,+3E,)—2E,—(N —2)E,=(8—N /4)(E, — E,)],
where N denotes number of valence electrons.

Atom E; (eV) E,(eV) E,, (V)
Si 14.8 7.6 7.2
Ge 15.1 7.3 7.8
N 26.2 13.8 9.2
P 19.2 9.5 7.7
As 18.9 9.0 7.5
B 13.5 8.5 6.3
Al 10.7 5.7 6.2

phous network, two extreme cases can occur. In the sim-
plest case, the local environment of the dopant atom is
similar to that in the crystalline phase. Then, according
to the discussion above, the lowest-energy configuration
of the dopant atom should be the fourfold-coordinated,
doping state with an energy

Ea(P4)ZEpro“4EB+EAB:Ec(P4) ’ (2a)

where we have to allow for small variations in the bond-
ing energy term Ep and the antibonding term E g, due to
the inherent bonding disorder. A two-dimensional analog
is shown in Fig. 1(a).

The other extreme that can occur in the amorphous net-
work is described by an arrangement of the local bonding
environment favoring a threefold coordination of the
dopant atom as sketched in Fig. 1(b). In this case, the

(a)

(b)

FIG. 1. Schematic models for electronically active (a), and
inactive dopant configurations (b) in amorphous silicon or ger-
manium.
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phosphorus atom can form strong o bonds with three net-
work atoms without causing significant additional distor-
tion of the already disordered network. We may thus
write approximately

E,(Py)~—3Ey . (2b)

since according to Table I o bonds between two sp> orbi-
tals or between one sp® and one p orbital are of compar-
able strength.

If we compare Egs. (2a) and (2b) and note that
E,,> |Eg| (approximately 7 eV versus <4 eV) it is
clear that in our idealized amorphous network the non-
doping, threefold configuration, P3, is favored energetical-
ly. Qualitatively, one can say that the flexibility of the
amorphous network allows each atom to achieve the same
bonding coordination as it would in an unconstrained,
molecular state (e.g., silicon and germanium fourfold
coordinated as in SiH; an GeH,, and phosphorus three-
fold coordinated as in PH;), whereas the structural con-
straints exerted by a crystalline environment impose on
the dopant atoms the bonding symmetry of the host net-
work. These arguments underly Mott’s 8- N rule.'”

It came, therefore, as a surprise when substitutional
doping was discovered in hydrogenated amorphous silicon
and germanium, and a large number of investigations
have been performed in order to explain and to exploit
this phenomenon. Most of the work has centered on
phosphorus- and boron-doped a-Si:H, with the applica-
tion of this material in mind. Many fewer investigations
have dealt with doped a-Ge:H, compensated material, or
other dopants such as arsenic or gallium. From the physi-
cal point of view, to derive a general picture of the doping
mechanism in tetrahedrally bonded amorphous semicon-
ductors, comparable experiments performed on a large
number of different dopant-host systems would be highly
desirable. The purpose of this article is, therefore, to pro-
vide a consistent set of data for the most common dopants
(P,B,As) in both, a-Si:H and a-Ge:H, using a number of
different experimental techniques.

We begin in Sec. II with a detailed description of our
experimental results concerning the nature of donor and
acceptor states in a-Si:H and a-Ge:H and the quantitative
dependence of these states and of other doping-induced
defect states (dangling bonds) on the doping level. These
data are then used to construct and compare models for
the doping dependence of the density of states in both
amorphous host materials. In Sec. III doping effects in
compensated a-Si:H are discussed. Finally, Sec. IV exam-
ines the dopant incorporation during deposition and the
doping efficiency for all dopant-host systems, and the
consequences of the experimental results for possible dop-
ing mechanisms.

II. THE INFLUENCE OF DOPING ON THE
ELECTRONIC DENSITY OF STATES

A. Experimental details

The samples used in this study were deposited by rf
glow discharge in capacitively coupled reactors. Doped
a-Si:H samples were produced at Xerox Palo Alto

Research Center by decomposition of undiluted SiH,
mixed with PH;, AsH;, and B,Hg under standard condi-
tions (substrate temperature 230°C, power density 30
mW/cm?). The substrate materials were aluminum foil
and Corning 7059 glass. Doped a-Ge:H was deposited at
the University of Marburg under comparable conditions
(220°C, 50 mW/cm?), using GeH, premixed with PH; or
B,H¢ and diluted in Ar (volume ratio 1:1). Here,
molybdenum and quartz were the substrate materials.
Some doped a-Si:H samples were also deposited in this
system for cross-checking. The doping profiles of selected
samples were determined by secondary-ion mass spec-
trometry. Gradients of the dopant concentration were
negligible in all cases.

Samples used for the magnetic resonance experiments
were removed from the aluminum or molybdenum sub-
strates and collected in narrow quartz tubes. The typical
volume of a-Si:H and a-Ge:H thus collected was 1072
cm?, allowing the detection of spin densities > 10'* cm—3
in @-Si:H and > 10" cm™? in a-Ge:H. Magnetic reso-
nance measurements were performed using commercial
ESR spectrometers ( X-band, Bruker ER 200D and Varian
E201) equipped with helium-gas-flow cryostats and opti-
cally accessible TE(, cavities. Defocused monochromatic
laser light (647.1 nm) was used in the light-induced ESR
(LESR) and the optically detected magnetic resonance
(ODMR) experiments. We estimate the absolute error in
the spin densities quoted in the following to be about
50%, with a much smaller relative error for the compar-
ison of different samples measured in the same spectrome-
ter ( < 10%).

Apart from ESR or LESR measurements, the densities
of shallow and deep states were also determined (indepen-
dent of their spin state) by charge sweep-out and optical
absorption [photothermal deflection spectroscopy (PDS)]
experiments. Details concerning the two latter techniques
have been published elsewhere''? and will not be repeat-
ed here. It is worth noticing that the absolute densities
measured by ESR on one side and charge sweep out and
charge counting on the other side always agreed to within
the 50% absolute error estimated above.

B. Fermi-level shift and occupancy of intrinsic
electronic states

The most direct evidence for the occurrence of doping
in a semiconductor is usually the shift of the Fermi level,
Ep. Since the discovery of doping in a-Si:H and a-Ge:H,
much work has been devoted to document, analyze, and
finally, model the doping-induced changes of the trans-
port properties in terms of densities of states, carrier
mobilities, etc. For a rather incomplete selection of arti-
cles dealing with these problems see Refs. 13—19 and
references therein.

The dependence of the dark-conductivity activation en-
ergy, E,, on the doping level is shown in the lower por-
tion of Figs. 2(a) and 2(b) for the a-Si:H and a-Ge:H sam-
ples used in this study, or at least for samples deposited
under identical conditions in the same reactor. The dop-
ing level is measured in terms of the dopant-gas volume
concentration in the plasma. To a first-order approxima-
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FIG. 2. Electron-spin-resonance defect densities (upper half) and dark conductivity activation energies (lower half) in hydrogenated
amorphous silicon (a) and germanium (b) as a function of dopant-gas concentrations. The indicated g values refer to the various de-
fects discussed in the text. Arrows denote the Fermi-level position in the center of the mobility gap. Open and solid circles in (a)

refer to phosphorus and arsenic donors, respectively.

tion, the dark-conductivity activation energy is given by
E:;zEc(O)—-EF(O)+T{?[EC(T)—EF(T)] 3)

for n-type samples with an equivalent expression for p-
type material. Here, E. refers to the conduction-band
mobility edge, and T is the absolute temperature. Experi-
mentally, the temperature shifts of the various energies in
Eq. (3) are of the order of 107* eV K™/, so that for typi-
cal experimental situations, E] and E% are equal to
E-(0)—Er(0) and Ep(0)—E,(0) with an accuracy of
about 0.1 eV. Therefore, from the data in Figs. 2(a) and
2(b), it can be seen that for both, a-Si:H and a-Ge:H, Ep
lies close to midgap in the undoped case (slightly above
midgap in a-Ge:H). Upon doping with either boron,
phosphorus, or arsenic, Er moves more or less rapidly to-
wards Ep or Ec. For the highest doping levels, a value of
| Erk—Ecy| =0.2 eV is reached asymptotically for all
dopant-host systems.

The doping-induced shift of the Fermi-level position
through the mobility gap of a-Si:H and a-Ge:H can also
be observed by ESR. The occupation of the localized gap
states depends on Er, T, and the electron correlation ener-
gy, Uesr. Generally, Uy can be written as the sum of two
terms,

Uegr=Uc— Uz , )

where Uc (> 0) describes the repulsive Coulomb interac-
tion between two electrons occupying the same localized

state, and Uy accounts for the structural relaxation
caused by the presence of this second electronic charge in
the vicinity of its center of localization. Obviously, the
magnitude of U,y will depend on the degree of localiza-
tion of a given electronic state. Correlation effects will be
quite small for a pair of electrons with wave functions ex-
tending over macroscopic distances. If | Uy | <<kT, the
occupancy of an electron system will be given to a good
approximation by the Fermi distribution, with states
below Er occupied by two electrons, states above Ex emp-
ty, and singly occupied states existing only in a region of
width approximately equal to kT around Eg. On the oth-
er hand, if an electronic state is sufficiently localized, both
Uc and Uy can take values significantly larger than kT.
In such a case, the occupancy of electronic states near Ep
is no longer described accurately by simple Fermi statis-
tics. The two extreme cases which can occur are a large
positive correlation energy, Uc > Ug >>kT, and a large
negative correlation energy, Ug > Uc >>kT. In the latter
case, the electronic system can gain energy by pairing of
spins in thermal equilibrium. States near Ep will either
be doubly occupied or empty with no unpaired spins and
consequently no ESR signals, at least at sufficiently low
temperatures. More interesting for ESR investigations is
the case of a large positive correlation energy. Then the
Coulomb repulsion Uc is large enough to prevent double
occupancy of states in an energy “window” of width U
below Ep. Therefore, a large and temperature-
independent density of paramagnetic states can exist and
be detected by ESR.
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The magnitude and the sign of the correlation energy
are important and, unfortunately, still controversial issues
of electronic states in the mobility gap of amorphous
semiconductors,?°~2% and the same is true for a-Si:H and
a-Ge:H. However, in these two materials, there is increas-
ing experimental evidence for a positive correlation ener-
gy, with values Uy~ +0.3 eV and Uy~ +0.1 eV for
dangling bonds in a-Si:H and a-Ge:H, respectively, and
correlation energies between 10 and 200 meV for the vari-
ous band tail states.?’ —3®

For completeness it should be mentioned that, contrary
to these experimental results, a negative correlation energy
has also been proposed.’”3® It is the belief of the present
authors, however, that the accumulated experimental evi-
dence is strongly in favor of a positive correlation energy
for the large majority if not for all of the states in the mo-
bility gap of ¢-Si:H and a-Ge:H. Generally, a very good
qualitative and quantitative agreement is observed be-
tween measurements of the electronic density of states
carried out with techniques which are independent of the
spin state (field effect, space-charge-limited current,
charge sweep out, deep-level transient spectroscopy, opti-
cal absorption) and the various spin resonance techniques,
which only can be applied to states with unpaired spins.

In Figs. 2(a) and 2(b), the ESR spin density measured
for the various paramagnetic states “intrinsic” to a-Si:H
and a-Ge:H is shown as a function of the gas-phase dop-
ing level for the dopant gases B,Hg, PH;, and AsHj;.
Three types of paramagnetic states are known to exist and
can be distinguished by virtue of their energy range and
electronic g value.?”?%3%%0 When the Fermi level is close
to the valence-band mobility edge as in boron-doped sam-
ples, a resonance with g =2.008—2.013 (g =2.0535 in
a-Ge:H) is observed. This resonance is ascribed to singly
occupied bonding orbitals of the weak Si—Si (Ge—Ge)
bonds constituting the valence-band tail. According to
Fig. 2, this resonance can be observed for gas-phase dop-
ing levels above 1073 in both a@-Si:H and a-Ge:H, where
Er—Ey lies between 0.5 and 0.2 eV. (Note the quantita-
tive agreement between the spin densities of this resonance
measured in a@-Si:H and a-Ge:H as a function of Fermi-
level position relative to E.) In n-type material, the cor-
responding ESR signal of singly occupied weak antibond-
ing orbitals can be seen with g =2.0044 in a-Si:H and
g =2.0120 in a-Ge:H for E;—Ey in the range 0.3—0.15
eV. Here, quite significant differences in spin density ex-
ist between a-Si:H and a-Ge:H and, notably, between
phosphorus and arsenic-doped a-Si:H. Finally, in un-
doped or weakly doped samples, the dominant ESR signal
comes from Si or Ge dangling bonds (Siy°, g =2.0055;
and Ge;®, g =2.0225). These different paramagnetic
states are intrinsic to a-Ge:H or «-Si:H, and are dis-
tinguished from the dopant states which will be discussed
in the next section. The intrinsic nature of the dangling
bond and tail states follows directly from the possibility to
observe their corresponding resonances in undoped sam-
ples by a suitable shift of the quasi-Fermi levels instead of
the Fermi level, e.g., by ESR measurements under il-
lumination at low temperatures [light-induced electron-
spin resonance (LESR)].*1#?

The ESR spin-density data and the experimental values
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for the Fermi-level position as a function of doping in
Figs. 2(a) and 2(b) can be combined to obtain an estimate
for the electronic density of states, D(E) in the mobility
gap of a-Si:H and a-Ge:H. Specifically, the ESR
dangling-bond density of undoped material divided by the
effective correlation energy can be used for a calculation
of D(E) near midgap. With U (DB)~0.3 eV in a-Si:H
(0.1 eV in a-Ge:H) the ESR data yield D(E)~10'¢
cm3eV~! for state-of-the-art a-Si:H, and D(E)~10"
cm~? eV~! for a-Ge:H. These values compare very
favorably to estimates obtained from spin-independent
techniques.** = As far as the tail states are concerned,
the ESR data can be used to calculate both, the charac-
teristic slope and the integrated charge density of the tails.
The band tail slopes follow from the dependence of the
ESR spin density in doped samples on the Fermi-level po-
sition: Ngxexp(—yAE) with AE = |Er—Ecy|. Ex-
perimental values for the slope parameter y are =~35
eV~ !in the conduction-band tail and ¥ ~20 eV ™! in the
valence-band tail. Again, both values are in good agree-
ment with other techniques (Ref. 31 and references
therein, and Ref. 46). Finally, the ESR spin density ob-
served in heavily doped samples is also an accurate mea-
sure of the total integral density of charges localized in
the shallow states of the band tails. This is due to the fact
that the effective correlation energy of the tail states is
positive and has a magnitude comparable to the inverse of
the tail-state decay parameter, 1/)/.31 Hence, the window
of paramagnetic states contributing to the ESR signal,
which extends from Eg to Ep— Uy, encloses the majori-
ty of holes (electrons) localized in the valence-
(conduction-) band states. The density of holes or elec-
trons in the band tails can be measured very accurately
and in an independent manner by a charge-counting tech-
nique which is unaffected by the spin state of the collect-
ed charges.>® The observed charge densities usually agree
with the ESR spin densities to within a factor of 2 or
smaller for all samples. This good correlation between the
electron-spin resonance and the charge sweep-out data in
a-Si:H doped with phosphorus, arsenic, and boron is
demonstrated in Fig. 3.

We end this section by briefly pointing out some quali-
tative and quantitative differences between the different
dopant-host systems in Fig. 2 which will be of importance
in the following. First, looking at Fig. 2(a), it is evident
that there are large differences between p- and n-type
doping of a-Si:H. In boron-doped a-Si:H the Fermi level
moves only very slowly and continuously from midgap to
Er—E;,~0.3 eV. This is consistent with the observation
of the ESR dangling-bond signal over a large doping
range (up to a diborane concentrations of 10~3), and with
the rather slow exponential increase of the valence-band-
tail signal at higher doping levels. In contrast, n-type
a-Si:H shows a very rapid jump of Er from midgap to
E-—Er=0.2 eV with increasing doping level. This
asymmetry of the Fermi-level position as a function of
doping for p- or n-type a-Si:H indicates either a differ-
ence in the doping efficiency for the donors or acceptors
employed, or a corresponding asymmetry in the electronic
density of states, caused by the larger slope of the
conduction-band tail.’ Moreover, Fig. 2(a) shows that
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FIG. 3. Correlation between the density of shallow defects as
measured by electron-spin-resonance and voltage-pulse sweep-
out experiments for P~, As~, and B-doped a-Si:H.

the density of conduction-band-tail states measured in n-
type a-Si:H is by about an order of magnitude larger in
phosphorus-doped material than in arsenic-doped a-Si:H.
This observation can be explained quantitatively by the
different position of the Fermi level in arsenic- and
phosphorus-doped a-Si:H. In heavily phosphorus-doped
amorphous silicon, the Fermi level lies at about 150 meV
below E., whereas in arsenic-doped samples, Ec—Ef
reaches about 200 meV for corresponding doping levels.
With a slope of the conduction-band tail of y ~35 eV~!
as quoted above, this 50-meV difference in the Fermi-level
position for strong arsenic and phosphorus doping should
be equivalent to a change in singly occupied conduction-
band-tail states by at least a factor of exp [(35
eV~1)/(0.05 eV)] =6, in accordance with the data in Fig.
2(a). In both, arsenic- or phosphorus-doped a-Si:H, the
Fermi level remains constant relative to the conduction-
band mobility edge for doping levels above 10™*, resulting
also in a constant density of conduction-band tail states
observed in electron-spin resonance.

A comparison between doped a-Si:H and a-Ge:H shows
that, first of all, the density of dangling bonds in the latter
material is usually by about 2 orders of magnitude higher.
One consequence of this increased density of states near
midgap is that in a-Ge:H it takes relatively high doping
levels of about 10~2 for both boron or phosphorus to shift
the Fermi level out of the dangling-bond band into one of
the band tails. Above this doping level, p-type a-Si:H and
a-Ge:H exhibit a surprisingly similar doping behavior.
For example, the doping dependence of the dark-
conductivity activation energy relative to the total band
gap, E,/E,, is nearly identical for both materials as a
function of boron doping, decreasing roughly linearly
from a value of =0.5 for undoped samples to
E,/E;~0.2 for a boron gas-phase doping level of 1072,
This indicates that the electronic density of states in the
lower half of the mobility gap is actually quite similar for
both materials, except for the mentioned differences of the
dangling-bond density near midgap. On the other hand,
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quite large differences are observed between the transport
or spin resonance properties of phosphorus-doped a-Ge:H
and a-Si:H. This is a consequence of the fact that in a-
Si:H the Fermi level jumps rather abruptly from a midgap
position to a position Ec —Ep~150 meV upon doping
with phosphorus, whereas the same movement of the Fer-
mi level occurs much more slowly in n-type a-Ge:H. To
be more precise, in a-Ge:H, again, a doping level of 1073
is needed to achieve a double occupation of the large
dangling-bond density of states and to shift the Fermi lev-
el into the conduction-band tail. In a-Si:H, on the other
hand, the pronounced drop of E, from approximately 0.8
to 0.2 eV for doping levels as low as 10~% suggests that
the electronic density of states in the upper half of the
mobility gap in this material is quite low compared to the
dangling-bond density of states of about 10°—10'"7
cm~3eV~!. Thus, the electron-spin-resonance measure-
ments reproduce the minimum in the density of states in
the upper half of the a-Si:H mobility gap, which has also
been observed by deep-level transient spectroscopy experi-
ments.*’

To summarize this section, we show in Fig. 4 the elec-
tronic density of states of undoped a-Si:H and a-Ge:H as
it can be deduced from electron-spin-resonance experi-
ments.
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FIG. 4. Models for the electronic density of state in undoped
amorphous germanium (upper half) and silicon (lower half) de-
duced from the combined ESR and transport measurements.
Arrows indicate the center of the mobility gap, dashed-dotted
lines the Fermi-level position in nominally undoped samples.
Ec and Ey refer to the conduction- and valence-band mobility
edges, respectively. D° D, and U denote the neutral and dou-
bly occupied dangling-bond levels and their effective electronic
correlation energy.
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C. The nature of donor and acceptor states
in a-Si:H and a-Ge:H

1. Donor states

The donor states (P4,Asy) in a-Si:H and a-Ge:H are in-
troduced by doping with phosphine and arsine. Unlike in
the crystalline materials, the large density of intrinsic tail
states in amorphous semiconductors renders the direct ob-
servation of the shallow donor states via spectroscopy of
their energy levels in the gap very difficult, if not impossi-
ble. Again, spin resonance techniques turn out to be very
useful, since the spin properties of electrons in intrinsic
tail states (CB,VB) are very different from those of the
donor electrons. This difference is due to the fact that
both donors have a nonzero nuclear spin I£0 occurring
with an isotopic abundance of 100% (see Table III). As a
consequence, electronic spins localized near a donor atom
will experience different magnetic environments, corre-
sponding to the various possible orientations of the donor
nuclear spin with respect to the electronic spin. In the
presence of the additional external magnetic field H im-
posed by the ESR experiment, the Hamiltonian of the in-
teracting nuclear and electronic spins can be written as

H=ppH-[g.]-S+u,H-[g,] 1+S-[A]']. (5)

Here, pp and p, are the Bohr and the nuclear magneton,
[g.] and [g,] the electronic and nuclear g tensors, and
[A] is the hyperfine coupling tensor. Since we are only
concerned with ESR transitions in the following, we can
drop the second term, which only contains the nuclear
spin, I. Moreover, we will assume that the electronic
donor wave function, W¥,(r), can be approximated by a
spherically symmetric s-like function

—r

a

W, (r)=(ma’)~"%exp (6)

A similar form is also a first approximation for the en-
velope of the donor ground states in crystalline silicon and
germanium.*® Then, Eq. (5) may be simplified to

TABLE III. Nuclear magnetic properties of various isotopes
present in a-Si:H and a-Ge:H with significant concentrations.

Spin [ Moment Abundance
Isotope (units of #) (units of u,) (%)
'H < 2.793 100
1og 3 1.801 19.6
;] 2 2.688 80.4
B¢ 5 0.702 1.1
“N 1 0.403 99.6
5N 4 —0.283 0.4
8i T —0.555 4.7
sp + 1.137 100
B3Ge 2 —0.877 7.8
5As 3 1.435 100

H=ppg,HS+ASI, (5"

where the isotropic hyperfine interaction A is now of the
Fermi contact form:*°

8

A=
3

8e8nlBHn | v, (0) f 2. )]

With H=He,, S+=S8,*iS, (similar for I.), the spin
Hamiltonian (5a) can be written as

H=(upg HS, +ALS,)+[+AUI S_+I1_S,)]
:Hl +H2 . (5”)

The corresponding energy levels E (mg,m;) are a function
of the electronic and nuclear magnetic quantum numbers
mg and m;. For small hyperfine interaction constants 4,
E(mg,m;) is mainly given by the eigenvalues of H:

El(ms,ml):(ms,mI |H1 |m5,m1)
=ugg.Hmgs+Am;mg . (8a)

The term H, in Eq. (5b) is zero in first order, but pro-
vides second-order contributions to the spin energy of the
form

A2

— 2
gl { msI(I +1)—m}]

Ez(ms,m1)=

—m[S(S+1)—mil} . (8b)

From Eqgs. (8a) and (8b), the ESR transition energies for
an electronic spin with S =+ can be calculated as the
difference of the energy E,+E, for the mg=++ and
— 5 level as

2

AE(m;)=ppg.H + Am; + [I(I+1)—mf],

delJ'BH
9

where each of the 2I+41 possible values of
my=—I,—I+1,...,+1 occurs with equal probability.
Thus, for an electronic spin S =+ the effect of the hyper-
fine interaction with a nuclear spin I is to split the single
resonance transition occurring at an energy pupg.H into
21 +1 resonances of equal spectral weight occurring at
the energies given by Eq. (9).

This equation will now be used for a discussion of the
ESR hyperfine structure observed in a-Si:H and a-Ge:H
samples doped with arsenic or phosphorus.’® Typical
spectra are shown in Figs. 5 and 6. First, Fig. 5 depicts
the low-temperature (7" =40 K) ESR spectrum of a-Ge:H
doped with 1% PHj;. The spectrum covers a magnetic
field range of 1000 G and is dominated by the resonance
of electrons localized in weak Ge-Ge antibonding orbitals
(conduction-band tail, g =2.012, peak-to-peak linewidth
AH, =33 G). In addition to this central resonance, two
weak structures can be detected, occurring symmetrically
at the high- and low-field side of the central resonance.
The field splitting, AH, between these resonances amounts
to 275 G, their linewidths to about 30 G. The symmetric
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FIG. 5. Electron-spin-resonance spectra of phosphorus-doped
a-Ge:H, showing the central conduction-band-tail resonance and
the hyperfine-split line due to neutral phosphorus dopants for a
doping level of 1% at T=40 K.

position and the equal intensities of these two additional
signals is indicative of an electronic spin in hyperfine con-
tact with a nuclear spin I =+ or I =1. (In the latter case
the third hyperfine signal would be unobservable because
of the much stronger central resonance.)

The upper part of Fig. 6 shows a similar behavior of
the ESR spectrum in phosphorus-doped a-Si:H. Here, the
splitting between the two satellites is AH =245 G, with a
peak-to-peak linewidth of about 60 G for both lines. Note

T T T T T
a-Si:H, 1% PH, i

a-Si:H, 0.2% AsHa

ESR SIGNAL (arb. units)

| |
25 3.0 35 4.0
MAGNETIC FIELD (kG)

| |

FIG. 6. Central conduction-band-tail resonances and donor
hyperfine spectra in a-Si:H doped with phosphorus (upper half)
and arsenic (lower half). The vertical dashed line indicates the
position of the free-electron g value g=2.0023.
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the small but distinct difference between the line shapes of
the two hyperfine satellites. This difference is due to the
no longer negligible contribution of the second-order term
E, [Eq. (8b)] to the hyperfine structure. This point will
be discussed in more detail below. As in a-Ge:H, the
strong resonance seen near the free-electron position is
due to electrons in conduction-band tail states experienc-
ing no hyperfine interaction (g =2.0044, AH, , =7 G).

Finally, the lower part of Fig. 6 shows the ESR spec-
trum of a-Si:H doped with 0.2% AsHj;. Again, the
conduction-band tail resonance is observed at the free-
electron position, however, with a much reduced intensity
as compared to phosphorus-doped material. Moreover,
instead of two nearly symmetric hyperfine lines, four lines
with different linewidths and amplitudes are obtained.
Twofold integration over this spectrum shows, however,
that the numbers of electronic spins associated with each
of the four off-center resonances are equal within experi-
mental accuracy. Hence it appears likely that these four
lines are the hyperfine split states belonging to a nuclear
spin I =%, the asymmetric shapes and positions being
due to strong second-order contributions to the hyperfine
interaction.

A comparison of the spectra in Figs. 5 and 6 with the
list of nuclei in Table III leads to the conclusion that the
nuclei responsible for the hyperfine splitting in
phosphorus-and arsenic-doped samples are *'P and "°As,
respectively. For the arsenic-doped material, this is safe
to conclude, because ">As is the only nucleus with I ==
that occurs with a large enough concentration to account
for the density of hyperfine split electronic spins quantita-
tively. In the case of phosphorus-doped a-Si:H and a-
Ge:H, on the other hand, the nuclei 'H, '*C, N, and °N
cannot be ruled out as the potential hyperfine centers a
priori. In order to clarify this point, two additional exper-
iments have been performed (see Fig. 7). First, the role of
hydrogen can be checked by isotopic substitution with
deuterium. The deuteron has a different spin (/ =1) and
a smaller nuclear moment (0.857u,) than the proton, so
that deuteration would drastically change any hyperfine
structure due to 'H. However, no difference is seen be-
tween the hyperfine lines of 3'P-doped a-Si:H and a-Si:D.
Secondly, to investigate the role of impurity nuclei (C,N),
a phosphorus-doped sample was deposited under other-
wise identical conditions in an ultrahigh-vacuum (UHV)
deposition system.’! This is known to reduce the concen-
tration of carbon and nitrogen in the amorphous film by 2
or 3 orders of magnitude, but, according to Fig. 7, has no
effect on the density of hyperfine split states. Thus, it is
clear that the donor nuclei *'P and 7*As are responsible
for the hyperfine splitting in Figs. 5 and 6.

For a quantitative analysis of these hyperfine spectra,
we rewrite Eq. (9) with the help of the ESR resonance
condition,

hV:ge[l.BHo N (10)

where H, is the resonant field for an electron with g
value g, under the influence of a microwave Av. Express-
ing the hyperfine interaction constant A in terms of the
magnetic field splitting AH = A4 /g, up, one obtains for the
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FIG. 7. Phosphorus hyperfine spectra in hydrogenated amor-
phous silicon (upper trace), deuterated amorphous silicon (cen-
tral trace), and hydrogenated amorphous silicon prepared under
UHYV conditions (lower trace). N(hf) is the electron-spin density
associated with the hyperfine spectra.

magnetic field position H(m;) of the 2I +1 hyperfine
lines:

(AH)?
2H,

H(mp)=Hy—m;AH —[I(I +1)—m}] (11)
The different terms in this expression correspond to the
zero-, first- and second-order contribution of the hyper-
fine interaction to the position of the ESR resonances. In
zero order, this position is given by the resonant field, H,,
of the free electron. Including the hyperfine interaction to
first order leads to 27 + 1 lines shifted symmetrically with
respect to H,. This first-order approximation is usually
sufficient for hyperfine splittings AH < 100 G. Examples
are the well-known donor-hyperfine spectra in crystalline
silicon and germanium.’?~>% In cases where the hyperfine
splitting AH becomes too large, the second-order term in
Eq. (11) can no longer be neglected. The effect of this
term is to destroy the symmetry of the hyperfine spectra
with respect to Hy: each hyperfine line is shifted to lower
magnetic fields, and the spacing between adjacent hyper-
fine lines increases from the low-field towards the high-
field side of the spectrum. Indeed, when Eq. (11) is ap-
plied to the spectra in Figs. 5 and 6, the field position of
all resonances (characterized by the zero-crossing points
of the ESR derivative signal) can be accurately described
by the following values for the splitting constant, AH:

AH =275 G for *!'P-doped a-Ge:H ,
AH =245 G for *'P-doped a-Si:H ,
AH =355 G for *As-doped a-Si:H .

However, this does not provide an explanation for the ob-
served line shapes of the various hyperfine lines. If we
look at Eq. (11), this line shape could be influenced in two
ways. First, the resonances in a-Si:H and a-Ge:H are
known to be inhomogeneously broadened because of the
g-value anisotropy.3! This leads to a distribution of reso-
nance fields H,, rather than a well-defined value. Ac-
cording to Eq. (11) one would therefore expect a broaden-
ing of all hyperfine lines by approximately the same
amount. Moreover, the g-value anisotropy and there-
fore the line broadening should be larger in
a-Ge:H than in a-Si:H, because of the larger spin-orbit
coupling constant. Although g-value anisotropy could ex-
plain the hyperfine line shapes in phosphorus-doped a-
Ge:H, it is evident that a different mechanism must be re-
sponsible for the observed line shapes in a-Si:H. The
second quantity in Eq. (11) which can influence the shape
of the hyperfine lines is the splitting constant, AH. A dis-
tribution of possible splitting constants, again, will lead to
a broadening of the hyperfine lines. In contrast to
broadening by g-value anisotropy, however, the broaden-
ing due to a distribution of AH values will affect hyper-
fine lines corresponding to different quantum numbers
m; differently. This is evident from the mathematical
form of Eq. (11).

Physical reasons for such a distribution of hyperfine
splittings AH, or, equivalently, of hyperfine interaction
constants A are, for example, an anisotropy of the hyper-
fine tensor, [ A], or different degrees of localization for
the electronic wave function [cf. Egs. (6) and (7)]. We will
postpone a more-detailed discussion of these possibilities
until the end of this section. Here, we will assume for il-
lustration that a Gaussian distribution of splittings AH
exists:

((AH)—AH)*
w? ’

In Eq. (12), P(AH) is the (unnormalized) probability for
the occurrence of a splitting AH, W is the full width at
half maximum (FWHM) of the distribution, and (AH ) is
the mean splitting already listed above. Equations (11)
and (12) can now be used to fit the experimentally ob-
served hyperfine spectra. The best fits are obtained for
the following values of the parameter W:

P(AH) xcexp ([—41n2 (12)

70 G, 3*'P in a-Ge:H
W= 1165 G, *'Pina-Si:H
150 G, Asin a-Si:H .

The corresponding calculated spectra are shown in Fig. 8.
Comparison with the measured spectra shows that the po-
sitions, widths, and relative amplitudes of all hyperfine
lines are accurately reproduced by the simple model em-
ployed. Before addressing the physical significance of the
two fitting parameters, (AH ) and W, we will first turn to
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FIG. 8. Simulation of the *'P and °As hyperfine spectra in
a-Si: and a-Ge:H based on Egs. (11) and (12) in the text. The
dashed line at a field H, denotes the resonant field of a free
electron.

a discussion of which microscopic electronic states are the
origin of the observed hyperfine spectra.

Two general properties of the states in question are im-
mediately obvious: (1) The states must be paramagnetic,
i.e., containing an odd number of electrons, in order to ac-
count for the observation of a net spin in ESR; and (2) the
electronic wave function ¥, of the unpaired electron must
be strongly localized at the site of the dopant atom, in or-
der to explain the strong hyperfine splitting observed. To
be more quantitative, the wave function W, has to be of
considerable s-like character, with an effective Bohr ra-
dius a smaller than the one measured for donor states in
crystalline silicon and germanium. With the convention
for the description of electronic states used in the Intro-
duction, possible candidates for the hyperfine split elec-
tronic orbitals in phosphorus-doped samples are the elec-
tronic states denoted by P,°, Py*, P;~, and P,°. Of
course, similar considerations are valid for the case of ar-
senic doping. In a simple tight-binding picture, the P,°
configuration corresponds to a phosphorus dangling bond
state, where the wave function W, is derived from a non-
bonding p orbital of the dopant atom. Similarly, the Py*
and P;~ states are derived from holes or electrons local-
ized in Si—P bonding and antibonding states of three-
fold-coordinated phosphorus atoms, respectively. In the
two cases of P,° and P;*, the hybridization state of the
phosphorus atoms inside the a-Si matrix does not have to
change significantly from the 2p2p® configuration of
atomic phosphorus. In contrast, the realization of the

fourth possible configuration of ¥,, P,°, requires a change
of the hybridization from 3s2p> to 3(sp*)°. In this case,
the single electron responsible for the paramagnetic
response occupies the sp’-antibonding orbitals of a phos-
phorus atom bonded to four silicon atoms.

A crude estimate of the energies corresponding to these
different paramagnetic states relative to the a-Si:H
valence and conduction bands can be obtained from the
level diagram in Fig. 9. This diagram is based on the
atomic Hartree-Fock energies given in Table II and on ap-
proximate values of the Si—Si and Si—P bonding energy
(2.5—3 eV). First, from the atomic levels the relevant hy-
brids are constructed. Then, the bonding and antibonding
orbitals are derived, using the above bonding energies and,
for simplicity, a symmetric bonding-antibonding splitting.
The broadening of the silicon levels into valence and con-
duction bands via the intrasite interaction is also indicat-
ed. It can be seen from Fig. 9 that neither the nonbonding
P,° nor the bonding or antibonding P;* or P;~ state is
likely to give rise to the hyperfine resonance observed in
phosphorus-doped a-Si:H. This is due to the fact that the
3p orbital of P has nearly the same energy as the sp> hy-
brids of silicon. Hence, the P; states (bonding or anti-
bonding) will occupy the same energy range as the Si
valence and conduction bands, so that the species P;*
(hole in the P; bonding state) or P;~ (electron in the P;
antibonding state) should not occur in a thermal equilibri-
um situation. Rather, threefold-coordinated phosphorus
(or arsenic) will be present in the neutral, diamagnetic,
and nondoping P;° (As;°) state.

As far as the P,° state (phosphorus dangling bond) is
concerned, the decision as to whether it could be the ob-
served hyperfine-split defect in a-Si:H is somewhat less
obvious. According to Fig. 9, the P,° state is derived
from a nonbonding 3p level of the phosphorus and occurs
in the same energy range as the silicon dangling bond,
Si;%. Therefore, it should not be observable in n-type a-

ENERGY (eV)

-20

FIG. 9. Energy-level diagram for phosphorus donors in a-
Si:H. See text for details.
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Si:H, where the Fermi level is close to the conduction-
band edge, unless the P, state has a larger positive corre-
lation energy than the Si;® defect. Additional arguments
against the assignment of the hyperfine lines in
phosphorus-doped a-Si:H to P,° defects can be derived
from the following observations.

(i) The hyperfine splitting measured in ¢-Si:H is much
larger than that observed for PH, radicals [AH ~80 G
(Ref. 56)] or atomic phosphorus [AH =20 G (Ref. 57)].
This indicates that the states responsible for the hyperfine
spectra have a larger admixture of s-like character to the
spin wave function ¥, than the p-derived state of a PH,
radical. (Note that electronic states with pure p character
only contribute to the hyperfine tensor [ A] in Eq. (5) via
the anisotropic dipolar interaction between the electronic
and nuclear spins. This interaction, however, is much
smaller than the Fermi-contact interaction of s-like states
described by Eq. (7).)

(ii) Paramagnetic states in amorphous arsenic and phos-
phorus, which are ascribed to As,° and P,° exhibit spin
resonance signals which are distinctly different from the
hyperfine spectra shown in Fig. 6.5

(iii) As will be shown in more detail in Sec. III, the hy-
perfine spectra are not observed in the thermal equilibri-
um ESR spectra of compensated (i.e., doped with equal
amounts of boron and phosphorus) a-Si:H, but appear in
the low-temperature light-induced (LESR) spectra.
Again, this shows that the hyperfine-split electronic state
is a shallow rather than a deep paramagnetic defect in
a-Si:H.

This leaves only the P,0 state as the paramagnetic de-
fect responsible for the hyperfine spectra in phosphorus-
doped a-Si:H. According to Fig. 9, the observed spin
state is derived from the sp3-antibonding orbital of a
fourfold-coordinated phosphorus atom. Indeed, this state
satisfies all of the restrictions imposed by the experimen-
tal results. The P-Si antibonding character of the level ex-
plains its position close to the conduction-band edge and,
therefore, the donor character of P,°. Moreover, the state
is obviously paramagnetic and has sufficient s character
to explain the magnitude of the observed hyperfine in-
teraction. Last but not least, the obvious similarities be-
tween the hyperfine states introduced by n-type doping in
amorphous and crystalline silicon and germanium also
suggest a common nature of the underlying microscopic
configurations.

According to Tables II and IV, the same arguments
used for an explanation of the hyperfine spectra in

TABLE IV. Strength of selected bonds relative to the Si—Si
bond (from Ref. 61).

Relative Relative

Bond strength Bond strength
B—B 0.88 B—H 1.03
Si—Si 1.00 Si—H 0.94
Ge—Ge 0.85 Ge—H 1.00
N—N 2.97 N—H 1.00
P—P 1.55 P—H 1.03
As—As 1.21 As—H 0.85
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phosphorus-doped a-Si:H should apply as well to the
cases of arsenic-doped a-Si:H and to a-Ge:H doped with
both phosphorus and arsenic. Indeed, this is in agreement
with all experimental results shown so far. Moreover, in a
series of articles,®” Robertson has performed a detailed
tight-binding modeling of a-Si and a-Si:H doped with
various group-III and -V elements. As far as n-type dop-
ing is concerned, Robertson’s results are in qualitative
agreement with the crude picture presented in Fig. 9. Of
special interest for the following are the theoretical pre-
dictions for the energy location of the P and As donor lev-
els in a-Si:H with respect to the conduction-band mobility
edge [E. —E(P4)=0.1 eV, Ec—E(As;)=0.3 eV] as well
as the disorder broadening of these levels (~50 meV in
both cases). However, before we will attempt a quantita-
tive modeling of the donor wave functions in q-Si:H and
a-Ge:H and a comparison to the theoretical predictions,
we first would like to present additional experimental in-
formation concerning the dependence of the donor hyper-
fine spectra on doping level and temperature.

The dependence of the ESR parameters (hyperfine split-
ting, spin density, g value, and peak-to-peak linewidth,
AH, ) for the two hyperfine lines in phosphorus-doped
a-Si:H on the gas-phase doping level is summarized in
Figs. 10(a)—10(d). Also included are hyperfine splitting
and spin-density data for a-Ge:H. As seen in Fig. 10(a),
the hyperfine splitting in both materials is independent of
the doping level within the experimental accuracy of 10
G. Average values are AH =275 G in a-Ge:H and
AH =240 G in a-Si:H. Figure 10(b) shows that the spin
density associated with the hyperfine states increases sub-
linearly with the phosphine concentration in the plasma
used for deposition. As indicated by the solid lines, the
increase follows roughly a square-root power law, with
signs of saturation for the highest doping levels ( > 1072).
An obvious reason for this saturation is the increasing
probability for direct bonds between dopant atoms. (See
also the results for arsenic-doped a-Si:H below.) As indi-
cated by the left- and right-shaded symbols, the spin den-
sities of the two *'P hyperfine resonances in Fig. 10(b)
have been plotted separately. Generally, similar spin den-
sities are obtained for both lines, supporting the interpre-
tation of the two resonances as a pair of hyperfine lines.
Also included in Fig. 10(b) is the doping dependence of
the spin density of electrons localized in the a-Si:H
conduction-band tail (curve marked “CB”), which shows
the pronounced saturation behavior already discussed in
Sec. II B.

In Fig. 10(c), we have compiled the experimental values
for the effective g value of the 3'P hyperfine center in
a-Si:H. This effective g value is obtained by defining an
effective resonance field H ¢ as the arithmetic average
of the resonant fields for the low- and high-field hyperfine
lines and calculating g.¢r according to the resonance con-
dition, Eq. (10):

2hv
8eff = . - (13)
pplH(mp=—3)+H(m;=+3)]
Figure 10(c), then, suggests an average value of

g =2.006. Because of the large hyperfine interaction,
however, we should also include second-order contribu-
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FIG. 10. ESR parameters for n-type a-Si:H and a-Ge:H as a function of phosphorus doping level. (a) Magnetic field splitting of
the 3'P hyperfine lines. (b) Spin densities for the conduction-band-tail resonance (CB) and the neutral donors (hf). (c) Effective g
value and (d) peak-to-peak linewidth in phosphorus-doped a-Si:H. Left- and right-shaded symbols in (b) and (d) refer to the low-field

and high-field hyperfine lines, respectively.

tions to the hyperfine splitting. Following Eq. (11), we

obtain for the 3'P resonance lines (I =) a correction of
the form
(AH)?
H . 14
o—Ho+ 4H, (14)

With AH =245 G and H;=3255 G (for an X-band mi-
crowave v=9.14 GHz), this second-order correction to
the g value of the 3'P donor wave function amounts to a
4.6-G shift of H to higher fields, thus yielding

g (P,%)=2.003(+0.002)

in a-Si:H. This has to be compared to a value of 1.998 50
in crystalline silicon.* Similarly, for ’As the g value of
the neutral donor state in a-Si:H is obtained as

g (As,%)=2.005(+0.002) .

The corresponding value for crystalline silicon is
1.998 37.33

It is interesting to note that the g-shift g —g, (where
80=2.0023 is the free-electron g value) for the neutral
donor states has, within the given experimental accuracy,
the opposite sign (positive) in amorphous compared to
crystalline silicon. Most likely, this is due to the fact that
the donor wave function in a-Si:H can no longer be ap-
proximated by a shallow, effective-mass state. Instead,
spin-orbit coupling with the p-like states forming the top
of the valence band appears to dominate the g shift, simi-

lar to the g value of the weak antibonding orbitals in the

conduction-band tail (g =2.0044). (For a more-detailed
discussion of electronic g values in a-Si:H see Ref. 63.)

The peak-to-peak linewidth, AH, , , of the phosphorus
hyperfine spectra is shown in Fig. 10(d). As indicated by
the dashed line, this linewidth decreases by about 10 G
with increasing doping level. The variation of AH,
with doping level implies that the parameter W describing
the width of the distribution of hyperfine splittings AH
[see Eq. (12)] also decreases with doping.

The dependence of the spin density of shallow states
(conduction-band tail and neutral donors) on the solid-
phase dopant concentration in arsenic-doped a-Si:H is de-
picted in Fig. 11. For low doping levels ( <4 10~2), the
density of electrons in the conduction-band (CB) tail is
constant at about 2X10" cm™3 The density of
hyperfine-split, neutral As-donor electrons (hf), on the
other hand, increases linearly with doping level up to a
maximum value of 107 cm~3. For higher doping levels
(>1071), both ESR signals disappear quite rapidly, most
likely because of the onset of alloying, i.e., an increasing
probability of bond formation between two As atoms. A
similar effect has also been observed in previous investiga-
tions.%~% A comparison of the data in Fig. 11 with the
experimental results for phosphorus-doped a-Si:H in Fig.
10(b) shows that the density of occupied conduction-
band-tail states is about an order of magnitude higher in
P-doped a-Si:H. This result is consistent with the slightly
higher Fermi energy in the latter material [cf. Fig. 2(a)].
As far as the neutral donor states are concerned, in both,
phosphorus- and arsenic-doped samples, a maximum ESR
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conduction-band-tail (CB) ESR spin densities on the solid-phase
dopant concentration in arsenic-doped a-Si:H at 7'=300 K.

spin density of about 10!” cm~3 is measured at the highest
doping levels. However, the increase of the spin density
with the solid-phase dopant concentration is faster for ar-
senic than for phosphorus doping.

Finally, in Figs. 12 and 13 we show the temperature
dependence of the spin density for the neutral arsenic and
phosphorus dopant states. For comparison, in Fig. 12 the
temperature dependence of the conduction-band-tail spin
density is given, as well. The hyperfine split donor reso-
nances exhibit a constant spin density up to a temperature
of about 200 K. Beyond this temperature, the spin densi-
ty decreases quite rapidly. In analogy to crystalline sil-
icon, we can interpret this behavior as the thermal ioniza-
tion of the donor electrons out of the neutral dopants into
the conduction band. The characteristic ionization tem-
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FIG. 12. Temperature dependence of the hyperfine (hf) and
the conduction-band-tail (CB) spin densities in phosphorus-
doped a-Si:H for a 1% gas-phase doping level.

TEMPERATURE (K)

FIG. 13. Variation of the normalized neutral donor spin den-
sity in arsenic-doped a-Si:H with temperature for a gas-phase
doping level of 10~* (triangles) and 10~ (circles).

perature of ~200 K is much higher than in crystalline sil-
icon (=30 K), due to the larger energy separation of the
neutral donor states from the propagating conduction-
band states ( ~200 meV in a-Si:H versus 50 meV in c¢-Si,
see below). In contrast to the decreasing density of occu-
pied donors, the number of spins in conduction-band-tail
states shows a slight increase in the same temperature
range. Possible explanations for this observation could be
a partial recapture of thermalized donor electrons by the
tail states or temperature-dependent changes in the proba-
bility for single occupancy of the tail state as discussed by
Dersch et al.?®

2. Discussion of experimental results

Three qualitative conclusions concerning the donor
states in a-Si:H and a-Ge:H can be drawn from the exper-
imental results described above.

(i) The donor electrons in the amorphous phase are
more localized than in the crystalline material, thus ex-
periencing a stronger hyperfine interaction with the
dopant nuclei.

(ii) In @-Si:H and a-Ge:H, a relatively broad distribu-
tion of donor levels rather than a well-defined level exists.
This leads to a broadening of the hyperfine satellites due
to corresponding variations of the hyperfine interaction,
AH [cf. Eq. (12)]. The likely reason for this distribution
of donor levels is the bonding disorder in the amorphous
films.

(iii) As evidenced by the higher thermalization tempera-
tures, the energy distance of the neutral donor levels from
delocalized states (conduction-band mobility edge) in
a-Si:H and a-Ge:H is larger than in the crystalline case.
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In the following, we will analyze these points in terms
of a more quantitative model for the electronic density of
states close to the conduction-band edge. The various pa-
rameters of this model are defined in Fig. 14. The density
Ncg of intrinsic band-tail states (Si—Si weak bonds) de-
cays approximately exponentially with a slope of 35 eV !
from the conduction-band mobility edge E., and reaches
a minimum of ~10® cm™®eV~! at Ec—0.3 eV. Super-
posed is the distribution N of ionized and neutral donors
D,* and D,° depicted in Fig. 14 for the case of a 1%
gas-phase doping with phosphorus. At low temperatures,
all electrons will condense into states below Eg(0), the ex-
trapolated Fermi energy at 7 =0. This energy is constant
at =~E-—0.15 eV for phosphorus doping levels above
10~* [cf. Fig. 2(a)]. The density of occupied donors and
tail states is given by

E_(0)
n(DO= [," Np(EME (15a)
and
E(0)
n(CB)= [, Ne(EME, (15b)

where E;, ~E-—0.4 eV is a suitable lower cutoff ener-
gy. Because of the exponential dependence of the density
of states on energy close to E., most of the contribution
to the integral densities n(CB) and n (D,°) will come from
the energy interval close to the Fermi level, Er(0). Since
these are the states observed in ESR, the values of Ncg(E)
and Np(E) at the Fermi energy can be estimated from the

ENERGY (eV)
o
N

-0.3

-0.4

1014 1016 1618 ! 1020 ' {0'22
DENSITY OF STATES (cm-3 eV-1)

FIG. 14. Model for the electronic density of states near the
conduction-band mobility edge Ec in n-type a-Si:H. Ncp(E)
and Np(E) refer to the partial DOS of the conduction-band tail
and the donor band. Ep and AE, denote the average donor en-
ergy and the donor-band FWHM, respectively. Occupied donor
states and tail state (D,° CB) are indicated by the shaded and
cross-hatched regions, D, refers to ionized donor levels.

measured spin densities of the conduction-band-tail reso-
nance (CB) and the hyperfine (hf) split neutral donor sig-
nal, respectively [see Figs. 10(b) and 11]. Moreover, from
the fact that the density of CB states increases with tem-
perature, whereas the density of neutral donors decreases
(Fig. 12), we have to conclude that the increase of Np(E)
as a function of energy is slower than for Ncg(E), as indi-
cated in Fig. 14. This insures that, as the Fermi level
shifts to lower energies and the electron distribution func-
tion broadens with increasing temperature, the fraction of
electrons which are thermally excited into CB-tail states is
always larger than the fraction of electrons excited into
higher donor levels, i.e., a net charge transfer out of the
neutral donor levels into the conduction-band-tail states
occurs, as experimentally observed. (Note that the sum of
the CB and hf spin densities in Fig. 12 is not constant, as
expected, but decreases by about 30% at higher tempera-
tures. Most likely, this is caused by spin-lifetime effects.
Electrons close to the mobility edge have a very short
spin-lattice relaxation time.®” The resulting lifetime
broadening of the ESR signal can become so large that, at
high temperatures, such spins can no longer be detected.)

To the extent that deeper, compensating defects exist
(dangling bonds, acceptors), a certain fraction of the elec-
tronically active donors will be in the ionized state, D, ™+,
even at low temperatures, because the donor electrons
have been trapped by these compensating levels. Actually,
in doped a-Si:H and a-Ge:H the large majority, about
90%, of all donors are compensated by dangling-bond
states. We will discuss this point in more detail in Sec.
IID. For our model in Fig. 14 this means that the ESR
hyperfine lines due to the neutral donor states, D,° ob-
serve only the low-energy tail of the donor density of
states, Np(E). About 10 times more unoccupied donors
are present above the Fermi energy

max

E
n(Dy)= [, o Np(EME >>n(D,%) . (15¢)
F
Again, E_, is a suitable upper cutoff energy, with
E. ..~Ec in phosphorus-doped a-Si:H. Unfortunately,
the magnitudes and the temperature dependences of the
conduction-band-tail and the donor spin resonance signals
are not sufficient to completely determine the donor den-
sity of states, Np(E). Nevertheless, some estimates of the
average donor energies, Ep, and of the width, AE, of the
donor distribution can be obtained from the experimental
values for Er(0) and the densities n(CB), n(D,°), and
n(D4%). In Table V these experimental data and esti-
mates for Ep and AEp have been compiled for arsenic
and phosphorus in a-Si:H and a-Ge:H. Also, theoretical
estimates by Robertson® have been included for compar-
ison. For the case of phosphorus in a-Si:H, calculations
and experimental estimates are in excellent agreement
placing the donor level at Ec —0.1 eV with a characteris-
tic width of 50—100 meV. Both, experiments and calcula-
tions indicate that Ny(E) for arsenic in a-Si:H is shifted
to lower energies. The theoretical result of Ec— 300 meV
for the arsenic donor energy, however, is not consistent
with the experimental data, which suggest that E is only
shifted by 50 meV to lower energies, placing the arsenic
donor at Ec—0.15 eV. This 50-meV shift explains the
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TABLE V. Experimental and theoretical values for the donor
density of states in a-Si:H and a-Ge:H. Er(0) is the Fermi-level
position below E. at low temperatures. n(CB), n(D,°), and
n(D,%) are the densities of occupied tail states, neutral donors,
and ionized donors, respectively. Ep denotes the average donor
energy below Ec, and AEp, the width of the donor band (cf. Fig.
16). Experimental values are given for a 1% solid-phase doping
level. Theoretical values have been taken from Ref. 62.

a-Si:H a-Si:H a-Ge:H
P As P

Ep(0) (meV) —150 —200 —250
n(CB) (cm™?) 4% 10" 210" 1x 10"
n (D) (cm~?) 7% 10'° 4% 10'° 2x 10"
n(Dgyt) (cm™?) 2x 10" 1x10" ~2x 10"
Ep (meV)

Expt. ~ —100 ~ —150 ~ — 100
Calc. —100 —300
AEp (meV)

Expt. ~ 100 ~ 100

Calc. 50 50

larger distance of Er from E. generally observed in
arsenic-doped material, as well as the significantly smaller
density of occupied band tail states (CB), compared to
phosphorus-doped samples.

As far as phosphorus donors in a-Ge:H are concerned,
no similar calculations have been performed so far. From
the experimental data we can estimate that the donor level
should be at =E-—0.1 eV, similar to a-Si:H. The main
difference between a-Ge:H and a-Si:H appears to be a
larger density of dangling bonds and a smaller slope of the
conduction-band tail (30 eV~! in a-Ge:H versus 35—40
eV~!in a-Si:H; see Ref. 31 and Fig. 4). This leads to the
lower Fermi-level position in a-Ge:H, thus leaving fewer
donor levels occupied.

Unfortunately, the ESR data do not permit us to draw
more precise conclusions concerning the majority of the
donor levels than those listed in Table V, since most of the
donors are ionized and therefore diamagnetic. However, a
little more can be said about the wave function of the oc-
cupied, neutral donors by analyzing the observed hyper-
fine spectra. The isotropic hyperfine interaction, AH (S),
between the nucleus and the 3s (4s) electron of a *'P
("> As) atom amounts to 3630 G (3420 G), whereas the an-
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isotropic splitting due to a pure atomic p orbital is much
weaker, AH (p)=100 and 90 G, respectively.®® If we ex-
press the donor wave function W,(r) near the dopant nu-
cleus as a linear combination of atomic |s) and | p) or-
bitals,

|, )=nla|s)+B|p)), ?+B*=1, (16)

where 7 is the fraction of the total wave function local-
ized at the donor atom, we can approximate the resulting
hyperfine splitting AH by

AH =n’a? AH (s)+1*B*3 cos’0— 1)AH (p) . (17)

In Eq. (17), 0 is the angle between the external magnetic
field and the direction of the p orbital. In a disordered
film, the average hyperfine splitting is, therefore

AH =n*a®> AH (s) . (18)

The anisotropic term in Eq. (17) will result in a distribu-
tion of hyperfine splittings around this average value
(powder pattern) with a width W (p) given by

W (p)=3n>B*>AH (p) . (19a)

A second possible reason for a distribution of hyperfine
splitting in a-Si:H and a-Ge:H is the existence of a distri-
bution 8(7?a?) for the localization and/or hybridization
of the donor wave function. The width W(s) of such a
distribution can be expressed as

W (s)=8n?a?)AH(s) . (19b)

Since the atomic splittings AH (s) and AH (p) are known,
we can use the experimental results for AH and W listed
in the preceding section to estimate the localization and
the s- or p-character of the donor wave function in terms
of the coefficients 172 and a? (or 8*=1—qa?). This com-
parison shows that two different types of wave functions
are compatible with the ESR hyperfine data. The corre-
sponding parameters are listed in Table VI for the dif-
ferent donors in a-Si:H and a-Ge:H. The type-I wave
function is obtained by assuming that the experimentally
observed width W of the distribution of hyperfine split-
tings is due to a powder pattern according to Eq. (19a).
Because the experimental width W is of the order of the
atomic anisotropic splitting, AH (p) (=100 G), the type-I
wave function has to be strongly localized and mostly p
type in character. In contrast to this, the wave functions
of type II are strongly delocalized and s-like, with a distri-
bution of n%a? values of width 8(n’a?) calculated from
Eq. (19b).

TABLE VI. Parameters for possible donor wave functions of phosphorus and arsenic in amorphous
silicon and germanium. 72 denotes the fraction of the donor wave function localized at the dopant
atom, a? the degree of s character. 8(n%a?) is the width of the distribution of n%a? calculated from Eq.

(19b).
Type 1 Type 11
Host Donor 7? a? 7? a? 8(n?a?)
Si P 0.62 0.11 0.07 ~1 0.045
Si As 0.66 0.16 0.10 =1 0.044
Ge P 0.31 0.25 0.08 ~1 0.019
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Unfortunately, on the basis of the ESR hyperfine spec-
tra alone it is not possible to decide which of the wave
functions in Table VI gives a better description of the
donor states in amorphous silicon and germanium. More-
over, in the case of a hyperfine line broadening due to a
distribution of localization lengths or hybridization
changes, according to Egs. (18) and (19b) only the prod-
ucts 7%a? and 8(7%a?) can be determined from the hyper-
fine spectra, so that the localization parameter 7% remains
undetermined within the limits given in Table VI, as long
as no additional information is taken into account. To
this end, we first note that, generally, the effective Bohr
radius, a, of the envelope of a bound state should decrease
monotonically with the binding energy as approximately

ax |E_ —E |~ (20)

where | E_ —E | is the energy difference between the en-
ergy E of the state and the nearest energy, E _, at which
delocalization occurs (@ — 0, e.g., the band edges in crys-
talline materials or the mobility edges in amorphous semi-
conductors). Thus, according to Table V, P4° in a-Ge:H
(| E,—E | =250 meV) should be more localized than
P, in a-Si:H (| E_ —E | ~150 meV) whereas Table VI
shows the opposite behavior for the wave functions of
type I. Also, the »° and a? values of the type-I orbitals
are quite similar to those recently determined for the
dangling-bond defects in a-Si:H from ?’Si hyperfine mea-
surements.®® This means that the type-I orbitals can be
viewed as P or As “dangling bonds,” with energy levels
close to midgap than those listed in Table V. Ishii et al.’®
have performed tight-binding calculations for the type-I
orbitals (called “weak Si—P bonds” in their article) and,
indeed, obtained an energy level at E.—0.5 eV for an
essentially dangling bondlike wave function with a large
positive correlation energy. However, these properties are
in variance with most of the experimental results of the
present study, especially the strong temperature depen-
dence of the hyperfine spectra (Figs. 12 and 13). Finally,
according to the introductory discussion in Sec. I, it is dif-
ficult to see microscopically why an essentially threefold-
coordinated donor atom should remain in the paramag-
netic, sp> hybridized state corresponding to a type-I wave
function, rather than relax to the energetically favorable
diamagnetic D;° state. Taking all these points into ac-
count we feel that it is quite safe to conclude that orbitals
of type I do not provide a satisfactory explanation for the
observed hyperfine states.

On the other hand, the wave functions of type II in

Table VI match quite accurately our microscopic picture
of neutral donor states. The small 72 values of ~0.1 indi-
cate that this wave function is considerably delocalized,
similar to donor orbitals in crystalline Si and Ge and con-
sistent with the shallow nature of the hyperfine states.
Furthermore, the donor electron can be pictured as occu-
pying the four sp® antibonding orbitals of a fourfold-
coordinated donor atom with equal probability, so that
the p-orbital contributions average to zero and the wave
function is nearly s-like in the vicinity of the nucleus
(a®?~1). This being the case, we can calculate the donor
electron probability at the nucleus, |¥,(0)|2 directly
from the average hyperfine splitting AH [cf. Eq. (7)]. In
Table VII, the experimental values are listed together with
the corresponding values for crystalline silicon and ger-
manium. Assuming a similar shape for the envelope of a
donor state in crystalline and amorphous material, it fol-
lows from Eq. (6) that the effective Bohr radius a of the
donors should scale like

ax[|¥,(0)]2]713. 1)

Since |W¥,.(0)|? is larger in a-Si:H and a-Ge:H than in
crystalline Si and Ge by about 1 order of magnitude, the
amorphous donor orbitals should be roughly 2 times more
localized. The effective radii of 9—10 A listed in Table
VII were obtained by scaling the radii of As and P donors
in crystalline silicon according to Eq. (21). The crystalline
Ge donor radii are less suitable for scaling because of their
extremely small donor ground-state energy [~12 meV
(Ref. 48)]. It should be noted that the present results are
in very good agreement with previous estimates for the lo-
calization length of electrons in the conduction-band tail
from luminescence experiments.!’

The determination of the localization length, a, for the
donor states close to the conduction-band mobility edge in
a-Si:H and a-Ge:H via the hyperfine interaction allows us
to address a question which is of considerable importance
for many electronic properties of these materials, namely
the dependence of the localization length on energy posi-
tion in the mobility gap. For this purpose we have plotted
in Fig. 15 the effective Bohr radii of various states in
amorphous and crystalline silicon and germanium versus
the energy depth, | E_ —E | of these steps. The feature
common to all of the data points in Fig. 15 is that the ef-
fective radii have been calculated from ESR measure-
ments of the hyperfine interattion strength, rather than
from a macroscopic quantity depending in a more or less
complicated way on the localization length. Included in

TABLE VII. Experimental values for | ¥,(0)|? and the effective Bohr radii a of donors in crystal-
line and amorphous silicon and germanium. Values for crystalline material are from Refs. 48, 53, and

55.
|W,(0)]2 (A7) a (A)
Host Dopant Crystalline Amorphous Crystalline Amorphous
Si P 0.43 2.5 16.7 10+1
Si As 1.73 8.6 15.2 9+1
Ge P 0.22 2.9 31.8 9+1

Ge As 0.85

29.8
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FIG. 15. Dependence of the effective Bohr radius on the de-
fect binding energy, | E, —E |, for various paramagnetic de-
fects in amorphous and crystalline silicon and germanium, as
determined from ESR hyperfine measurements. (P, As:
neutral donor levels; DB: dangling-bond defect). The dashed
line indicates the scaling behavior of Eq. (20).

Fig. 15 are the radii of As and P donors in crystalline and
amorphous Si and Ge listed in Table VII, as well as the
experimental value for the dangling-bond defect in
a-Si:H.® The dependence predicted by the simple bound
state equation (20) is indicated as a dashed line. It is quite
surprising that the experimental results are in very good
agreement with Eq. (20) over nearly 2 orders of magnitude
in energy, spanning the range from the large donor orbi-
tals in crystalline Ge to the atomic-like orbital of a dan-
gling bond defect in a-Si:H. Thus, using Eq. (15) we can,
for example, estimate the localization length of valence-
band-tail states in a-Si:H or of dangling bonds in a-Ge:H
to about 6—8 A. Moreover, the same figure can be used
to calculate the energy range occupied by the neutral
donor states in a-Si:H and a-Ge:H (shaded region below
Ey in Fig. 14) from the width W of the hyperfine interac-
tion distribution. By relating the energy of a donor state
to its hyperfine splitting via Egs. (18)—(21), we find that
the P and As donors in «@-Si:H and the P donors in
a-Ge:H occupy an energy range of approximately 70, 60,
and 40 meV, respectively, below Eg(0). This result is also
in qualitative agreement with the total numbers D,° of
occupied donor states listed in Table V, which are largest
for phosphorus-doped Si and smallest for phosphorus-
doped Ge.

3. Acceptor states

P-type doping of a-Si:H and a-Ge:H is usually achieved
by using boron as the acceptor. However, very little is

known about these boron acceptor levels. In particular,
no direct observation of these states with ESR has been
possible so far. The reason for this can be understood by
the schematic energy diagram in Fig. 16, which shows
that the sp? and the sp> hybrids of a boron atom have
nearly the same energy as the sp* hybrid of a silicon (or
germanium) atom. Hence, when B is bonded inside an
a-Si:H or a-Ge:H film, the boron bonding orbitals will oc-
cupy roughly the same energy range as the Si (or Ge)
valence band. As a result, the neutral, paramagnetic ac-
ceptor state, B,®, can always capture an electron from en-
ergetically higher Si-Si (Ge-Ge) bonding states and
achieve the ionized, diamagnetic B, charge state, even at
very high boron doping levels. Again, a more accurate
tight-binding calculation for the energy of the B, states
has been carried out by Robertson,®? which also indicates
that the fourfold-coordinated boron levels should lie very
close to E,. Therefore, microscopic information about
the nature of the acceptor states is difficult to obtain ex-
perimentally. The result that fourfold-coordinated boron
does not directly introduce observable defects in the mo-
bility gap of a-Si:H is also corroborated by light-induced
ESR measurements in compensated samples, which will
be described in Sec. III in more detail.

An interesting question is whether boron in other than
fourfold coordination introduces defect states in the gap
of a-Si:H. From theoretical considerations, Robertson ar-
gued that the negative and the neutral charge state of
threefold-coordinated boron, B;° and B;~ should form
deep defect levels.? Since threefold-coordinated states ac-
count for most of the boron in a doped sample (see our
discussion of the doping efficiency in Sec. IV), this would
mean that about 10?° cm™3 boron-related defects should
occur in a sample with 1% doping level. This is clearly in
contradiction with the bulk of the available experimental
evidence. There is, however, some indication for boron-
related effects on the electronic density of states in the
valence-band tail of amorphous silicon,”>”® which could
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FIG. 16. Schematic energy-level diagram for boron-related
electronic states in a-Si:H.
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be caused either by additional defects or by doping-
induced disorder broadening of the tail, for example due
to changes of hydrogen bonding. One possibility for an
additional defect state is the nonbonding orbital of a B,®
configuration which, according to Fig. 16, might occur
near the a-Si:H valence-band edge.

D. Doping-induced changes of deep defect levels

As has already been pointed out above, doping of
a-Si:H or a-Ge:H does not only introduce shallow accep-
tor or donor states, but can also lead to doping-induced
changes of the electronic density of states near the center
of the gap, i.e., changes in the density of deep defect lev-
els. For the case of boron, we have already discussed the
possibility that such states might be directly related to the
dopant atoms themselves. The experimental evidence for
this, however, is still rather uncertain. A second possibili-
ty is that the doping process leads to changes in the densi-
ty of deep defects intrinsic to the amorphous network, i.e.,
of dangling-bond states.

The first direct proof of doping-induced changes in the
dangling-bond density of states came from measurements
of the luminescence intensity and from light-induced
electron-spin-resonance (LESR) experiments in doped
a-Si:H.*° The dangling-bond levels near midgap act as ef-
ficient recombination centers and, hence, quench the radi-
ative recombination processes leading to the tail-to-tail
luminescence of a-Si:H at 1.3 eV. Therefore, the intensity
of this luminescence band at a fixed temperature decreases
with an increase of the total dangling-bond density, N.
Moreover, LESR provides a direct proof for the fact that
the doping-induced defects near midgap actually are dan-
gling bonds.

An independent test of the luminescence and LESR has
been provided by subgap absorption measurements. In
these experiments, the weak absorption resulting from op-
tical transitions out of the valence band into dangling-
bond states and/or from the dangling bonds into the con-
duction band is detected. The defect absorption leads to
an absorption band superposed on the band-to-band tran-
sitions, and the intensity of this band provides again a
direct measure of the dangling-bond density.”* For
a-Si:H, the dangling-bond densities determined by the
various techniques mentioned above agree reasonably. In
doped a-Ge:H, luminescence measurements are much
more difficult because of the higher intrinsic dangling-
bond density and the smaller band gap, so that subgap ab-
sorption measurements are probably more reliable in this
material.

So far, no subgap absorption measurements for
arsenic-doped amorphous silicon have been reported in
the literature. In Fig. 17, we show, therefore, some ab-
sorption spectra for the arsenic-doped samples used in this
study. The doping levels are given in terms of solid phase
concentrations of As, and correspond to arsenic plasma
concentrations of 1.8x107°, 1x10™% and 1X1073,
respectively. An absorption curve for a-Si:H with a 1%
phosphine dopant gas concentration is also shown for
comparison (dashed curve). Clearly, the subgap absorp-
tion (photon energies < 1.5 eV) increases by nearly 2 or-
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FIG. 17. Optical-absorption spectra measured by photo-
thermal deflection spectroscopy of arsenic-doped a-Si:H. Ar-
senic concentrations in the deposited film are indicated. The
dashed curve shows the absorption of a-Si:H doped with 1%
phosphorus for comparison.

ders of magnitude with increasing doping. Using the pro-
cedure by Jackson and Amer,’* the absorption curves can
be used to calculate the density of doubly occupied dan-
gling bonds as a function of arsenic doping level. The re-
sults are shown in Fig. 18 (open circles), indicating an in-
crease of the dangling-bond density from 10'7 cm™3 to
2x 10" cm™>. Also shown in Fig. 18 is the density of
shallow states as determined by ESR and charge sweep
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FIG. 18. Density of deep (open circles) and shallow states (all
other symbols) as a function of solid-phase arsenic concentra-
tion. See text for details. The dotted line indicates a constant
doping efficiency of 210~ for arsenic with respect to the
solid-phase dopant concentration.
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out. Note that both, dangling bonds and shallow states,
increase linearly with the solid-phase doping level. This is
to be contrasted by the behavior of phosphorus-doped ma-
terial, where both densities increase roughly with the
square root of the doping level.”> For a better compar-
ison, we have compiled the dependence of the dangling-
bond density on the gas-phase doping level for diborane,
phosphine, and arsine in a-Si:H and a-Ge:H in Fig. 19.
All experimental points were obtained by subgap absorp-
tion measurements and, except for the case of arsenic dop-
ing, were taken from already published work.”*7® A dis-
cussion of these results will be deferred until Sec. IV.
Here, we only would like to call the attention of the reader
to the following points.

(i) For doping levels above 107> the dangling-bond
density in doped a-Si:H is at least an order of magnitude
higher than the corresponding density in undoped a-Si:H.
Boron and phosphorus samples exhibit an increase of the
dangling-bond density as the square root of the gas-phase
doping level, whereas this increase is faster for arsenic-
doped material.

(iii) In contrast, doped a-Ge:H shows a dangling-bond
density which is high and approximately independent of
doping.

Finally, Fig. 20 shows a similar compilation for the
density of shallow states (tail states plus occupied donor
levels). Generally, the density of occupied shallow states
is about an order of magnitude smaller than the
dangling-bond density at the same doping level. Note also
that the shallow state densities for boron-doped a-Si:H
and a-Ge:H are very similar, whereas large differences are
observed for the case of phosphorus doping. This reflects
again the differences between the electronic density of
states in the upper half of the mobility gap in the two ma-
terials (cf. Fig. 4).
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FIG. 19. Dangling-bond defect densities determined by pho-
tothermal deflection spectroscopy in a-Si:H and a-Ge:H doped
with P, As, and B as a function of the dopant-gas concentration
in the deposition plasma.
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FIG. 20. Density of shallow states (band tail states and neu-
tral donors) in a-Ge:H and a-Si:H measured with electron-spin
resonance as a function of dopant-gas concentration.

III. COMPENSATED AMORPHOUS SILICON

So far, we have discussed the case of amorphous silicon
or germanium containing only one type of dopant atoms.
For a complete understanding of the doping process, how-
ever, it is desirable also to study the case of compensated
material, i.e., samples containing both donor and acceptor
atoms. This allows us to distinguish between doping ef-
fects which are related to the position of the Fermi level
in the mobility gap, and those which depend on the pres-
ence of the impurity atoms. Only a few investigations
have dealt with the electronic properties of compensated
a-Si:H in detail. For the purpose of this discussion, we
will use results published in references 40, 74, 77 and 78.
More references can be found in these articles.

Compensated a-Si:H is easily prepared by adding both
PH; and B,Hg simultaneously to the deposition plasma.
Nominal compensation is achieved when the partial pres-
sures of these gases are approximately equal. Quite in-
terestingly, an analysis of the incorporation efficiency of
P and B from such a gas mixture has shown that the solid
phase concentrations of these two dopants tend to equal-
ize, despite significant differences in the respective gas-
phase concentrations. This fact has been interpreted as an
indication for incorporation primarily via formation of
P-B complexes already in the glow-discharge plasma.

Street, Biegelsen, and Knights have performed a rather
extensive investigation of compensated a-Si:H using
luminescence and electron-spin resonance. The lumines-
cence intensity was observed to peak close to nominal
compensation, indicating that the doping-induced increase
of dangling-bond defects seen in the case of singly doped
material does not occur in compensated samples (cf. Sec.
IID). Also, with increasing compensation level (i.e., the
same increase in boron and phosphorus doping level) the
luminescence peak position shifted continuously from
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about 1.4 eV in undoped material to about 1.0 eV at a
compensation level of [PH3;]=[B,H¢]=10"3% On the
basis of these results it was suggested that new states
above the valence-band tail are introduced by compensa-
tion. The ESR experiments performed in the same study
confirmed the absence of doping-induced dangling bonds
in compensated a-Si:H. Using light-induced ESR
(LESR), it was also found that nominally compensated
samples exhibit a large density of optically excited holes
trapped in the region of the valence-band tail (=5 10"’
cm™3), but no corresponding LESR signal of electrons in
conduction-band-tail states was observed.

The results given in Ref. 40 were further corroborated
by subband-gap absorption studies of Jackson and
Amer.”* In compensated a-Si:H, the absorption band due
to dangling-bond defects was largely reduced, and at the
same time the exponential absorption region due to tail-
to-tail transitions was shifted to lower energies and
broadened by about 0.2 eV, again indicating the existence
of new states close to one of the band tails.

In order to further clarify the origin of these additional
states in compensated material, recently time-of-flight and
photoinduced absorption experiments have been per-
formed. Marshall et al., have used time-of-flight experi-
ments to study the dependence of the electron and hole
drift mobilities on compensation.”” They found a decrease
of the hole and electron drift mobilities by 2 orders of
magnitude for a compensation level of [PH;]
=[B;Hg]=10"*[SiH,] relative to the undoped material,
and interpreted this result as a corresponding increase of
carrier trapping in compensation-induced defects near
both band tails. In addition, the temperature dependence
of the drift mobilities indicated an increase of the carrier
trap depth from 0.1 to 0.35 eV for electrons and from
0.35 to 0.6 eV for holes. Formation of B-P complex pairs
was suggested as the most likely explanation for these ex-
perimental results.

Finally, a study of the trapping and recombination
dynamics in compensated a-Si:H was performed by
Thomsen et al. using time-resolved photoinduced absorp-
tion measurements.”® These authors concluded that the
dopant states play an important role in the initial carrier
trapping on a picosecond timescale, but that the recom-
bination processes occurring at longer times ( > 10 ns) are
very similar to those in undoped material.

A. New ESR results

For nominally compensated a-Si:H, the Fermi level is
close to the center of the mobility gap and, therefore, the
observed equilibrium ESR signal is that of the neutral sil-
icon dangling bonds, Sis’, at g =2.0055. Unlike for the
case of single boron or phosphorus doping, the dangling-
bond density in compensated a-Si:H remains at the low
value of undoped material. This is demonstrated in Fig.
21, where the intensity of the dangling-bond ESR signal
of various samples (sample size: 5 um X1 cmX0.5 cm) is
shown as a function of the compensation level. In the
stable, annealed state of the material, a constant number
of dangling-bond spins is observed, corresponding to a de-
fect density of ~4Xx 10> cm—2. This insensitivity of the
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FIG. 21. Total number of dangling-bond spins in compensat-
ed a-Si:H as a function of compensation level. (Sample volume
5 um x0.5 cm?.) Solid circles refer to the annealed, stable state
of a-Si:H; open circles to the state after prolonged illumination
with intense light.

dangling-bond density to the compensation level is in
agreement with previous results mentioned in Sec. IIT A.
Also shown in Fig. 21 is the ESR signal intensity after
light-induced degradation of the samples. A discussion of
the observed behavior, i.e., an increasing stability with
compensation, will be deferred until the next section.
Because of the small dangling-bond density in undoped
or compensated samples, low-temperature illumination re-
sults in large shifts of the electron and hole quasi-Fermi-
levels, as photoexcited carriers become trapped in shallow
states close to the mobility edges. Thus, the nonequilibri-
um occupancy of tail states can be studied easily by light-
induced spin resonance (LESR), and such studies have al-
ready been performed.“0 However, these earlier studies
have only focused on the LESR spectra of intrinsic
paramagnetic states in compensated a-Si:H, which are due
to holes in valence-band-tail states and electrons in the
weak antibonding states of the conduction band tail. As
shown in Fig. 22(a), the LESR resonance in compensated
a-Si:H can be decomposed into the valence-band hole res-
onance at g =2.011 and the conduction-band electron res-
onance at g =2.0044. For comparison, the electron reso-
nance of the conduction-band-tail line in singly
phosphorus-doped a-Si:H is included, also [upper trace in
Fig. 22(a)]. If we analyze the LESR spectra of compen-
sated a@-Si:H in Fig. 22(a) in terms of electron and hole
concentrations, we find for compensation levels above
10~* that the LESR density of trapped holes is always
much larger than the density of trapped electrons. This is
already obvious from the central trace in Fig. 22(a) where,
a compensation level of [PH;]=[B,Hq]=10"3[SiH,], the
electron resonance at g =2.0044 is much smaller than the
hole resonance at g =2.011. This asymmetry is even
more pronounced for the optically detected magnetic reso-
nance (ODMR) spectrum of the same sample shown in
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FIG. 22. ESR, light-induced ESR, and ODMR spectra of doped and compensated a-Si:H. (a) Central resonances due to electrons
and holes in conduction- and valence-band tails. (b) Hyperfine spectra of electrons in neutral donor levels. Note the change in scale

between (a) and (b).

the lower curve. Since ODMR experiments measure the
influence of paramagnetic states on the radiative transi-
tions (luminescence) in a sample,”® we can conclude that
there is a large difference between the role of holes in
valence-band-tail states and the role of electrons in
conduction-band-tail states as far as trapping and recom-
bination processes in compensated a-Si:H are concerned.
On the other hand, the charge neutrality condition in
compensated material requires that the densities of elec-
trons and holes in shallow traps measured by LESR
should be equal. To the extent that these traps are tail
states, our previous results have shown that they are most-
ly singly occupied and paramagnetic (cf. Fig. 3). There-
fore, in order to explain the electron-hole asymmetry of
the LESR (and ODMR) spectra in Fig. 22(a), we have to
assume that electron traps other than conduction-band-
tail states (g =2.0044) are present in compensated materi-
als. Indeed, the extended and magnified LESR and
ODMR spectra in Fig. 22(b) show that the phosphorus
donor levels themselves are actively involved in the trap-
ping and recombination process. The characteristic hy-
perfine structure of P,° states is clearly resolved, and the
hyperfine spectrum of singly phosphorus-doped a-Si:H is
again shown for comparison. For a more quantitative dis-
cussion, in Fig. 23 the electron and hole densities in the
various trap states calculated from the low-temperature
LESR spectra are summarized. VB, CB, and hf refer to
holes in valence-band-tail states, electrons in conduction-
band-tail states, and electrons in neutral donor states,

respectively. In undoped a-Si:H, all optically excited elec-
trons and holes are trapped in tail states, leading to nearly
equal intensities of the VB and CB resonances (~ 10"
ecm~® at T=40 K and for a light intensity of 160
mW/cm?). As the compensation level of the material is
increased from zero to 3 X 1073, no changes in the density
of holes trapped in valence-band-tail states is observed.
On the other hand, the LESR density of electrons trapped
in conduction-band-tail states decreases rapidly with com-
pensation level, from 10'7 cm~2 in undoped material to
~10" cm™3 for a 31073 compensation. At the same
time, however, the density of electrons in neutral donor
states increases in such a way as to keep the total density
of trapped electrons constant at a level of 10'7 cm—3,
thereby fulfilling the charge neutrality requirement:

N(VB)=N(CB)+N(hf) =107 cm™3 . (22)

Thus, for compensation levels larger than 10~* we can
conclude from the LESR measurements that the nature of
the predominant electron traps changes quite abruptly
from conduction-band-tail states to neutral donor levels,
whereas the holes are always trapped in shallow valence-
band-tail states, independent of the compensation. In ad-
dition, since the trapped electrons and holes are the initial
and final states for the radiative transitions observed in
ODMR, the same picture provides a natural explanation
for the form of the ODMR spectra, namely a superposi-
tion of the valence-band tail and neutral donor resonances
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[see Figs. 22(a) and 22(b)].

From the relative intensities of the conduction-band tail
and the neutral donor resonances in Fig. 23 one can at-
tempt to estimate the donor density of states as a function
of compensation level. To this end, we assume that the
electron capture cross sections for both types of traps are
not largely different, and also that the conduction-band-
tail density of states to first order is unaffected by the
compensation. With these assumptions, the occupancy of
tail states and donor levels by electrons during a LESR
experiment can be described by the same electron quasi-
Fermi-level Efr,, and the LESR density of tail states
(g =2.0044) can be used as a common reference for the
various compensation levels. In other words, the ratio of
electrons trapped at neutral donor sites and electrons
trapped in conduction-band-tail states provides a measure
for the ratio of the corresponding densities of states at
Ef,. The experimental data in Fig. 23 thus suggest that
Np(Efg,,)=Ncg(Ep,) for a compensation level of 1074,
whereas Np(Ef,)~10’Ncg(Egp,) at a 10~? compensa-
tion level. For a correct interpretation of these results,
however, it is also necessary to know the dependence of
the quasi-Fermi-level position on the compensation. This
information can be obtained by measuring the magnitude
of the hyperfine splitting, AH, for the neutral donor
LESR signal as a function of compensation level. Ac-
cording to Egs. (20) and (21), AH is expected to depend on
the energy depth AE =E,—Efr, of the neutral donors
seen in the LESR spectra as

AH=C |E,—Eg, |”. (23)

With AH measured in gauss and AE in meV, an approxi-

mate value for the proportionality constant is C=0.1.
Experimental values for AH at various compensation lev-
els are shown in Fig. 24, together with the corresponding
splitting in singly phosphorus-doped material. The hyper-
fine splitting of the LESR resonances in compensated
a-Si:H is generally larger than the 245 G splitting in
phosphorus-doped samples. At the highest compensation
levels, a value of AH =285 G is obtained. Using Eq. (23),
we can calculate the corresponding shift of E.—Ef, to
be about 15 meV, from 150 meV at low compensation to
approximately 165 meV at a 1% compensation level.
Therefore, we think it likely that the behavior of the
LESR electron densities in Fig. 23 is not due to a shift of
the average donor energies (and consequently of Ef,) to
lower energies, but instead reflects a strong increase of the
ratio Np/Ncp near E, — 150 meV with compensation due
to an increase of the concentration of active donors. If we
scale our density-of-states model for singly phosphorus-
doped material in Fig. 14 accordingly, we can estimate the
density of active dopants in a-Si:H with a compensation
level of 1% to be approximately 10%° cm™3. This means
that the doping efficiency in compensated a-Si:H for a
1% doping level is about 2 orders of magnitude larger
than the doping efficiency for the case of single doping.
We will discuss this interesting result in more detail in
Sec. IV.

The experimental data in Figs. 22 and 23 show quite
conclusively that the trapping and radiative recombina-
tion process in compensated a-Si:H are largely influenced
by the donor levels (P,*, P,°). This distinguishes com-
pensated from undoped samples, where only the “intrin-
sic” conduction- and valence-band-tail states appear in the
ODMR and LESR spectra. The fact that the hyperfine-
split donor sites constitute the majority of the electron
trapping centers in compensated a-Si:H with phosphorus
and boron levels above 100 ppm has other interesting in-
fluences on the behavior of this material. As a first exam-
ple we would like to mention the effect of the changed
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FIG. 24. Variation of the peak-to-peak linewidth and the hy-
perfine splitting of the 3'P LESR spectra in compensated a-Si:H
with compensation level. Data for a 1% singly phosphorus-
doped sample is shown for comparison. Left- and right-shaded
symbols refer to the low- and high-field hyperfine line.
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character of the major electron trap on the light-induced
degradation of a-Si:H. This degradation is believed to
occur by breaking of weak Si—Si bonds into two metasta-
ble dangling bonds in the course of nonradiative recom-
bination between photoexcited electrons and holes. In un-
doped a-Si:H, the electrons and holes are trapped in anti-
bonding and bonding orbitals of weak bonds, constituting
the conduction- and valence-band tails, respectively. If,
for a given electron-hole pair, the spatial overlap of the
wave functions of both carriers is sufficiently large (i.e.,
both carriers are trapped effectively in two orbitals of the
same or adjacent weak bonds), a nonradiative transition
can become possible, whereby the electronic excitation en-
ergy is locally transformed into vibrational energy. This,
then, can provide the local structure excitation necessary
for the breaking of the weak bond. (For more details on
light-induced changes in a-Si:H, see Refs. 80—82 and
references therein.) In the present context, the important
point is that the microscopic process leading to the light-
induced degradation of undoped a-Si:H requires a spatial
correlation between photoexcited electrons and holes.
Now, in compensated a-Si:H this spatial correlation is
destroyed, since, as shown above, photogenerated electrons
are predominantly trapped at donor sites, whereas holes
are still trapped by bonding orbitals of weak bonds. If the
proposed microscopic model for the creation of light-
induced dangling bonds is correct, one has to expect,
therefore, that the degradation observed in compensated
a-Si:H decreases as the fraction of photoelectrons trapped
in donor states increases with compensation level. This is,
indeed, the case. In Fig. 21, the open circles indicate the
measured dangling-bond density after light degradation.
Note the excellent agreement between the data in Fig. 21
and the electron trapping behavior in Fig. 23.

A second interesting aspect of electronic excitations in
compensated a-Si:H is shown in Fig. 25. There, we have
compiled LESR and ODMR hyperfine spectra of a-Si:H
with a relatively high compensation level (1% PHj; and
B,Hg in a deposition plasma). The interesting feature is
the appearance of an additional pair of hyperfine lines
with a magnetic field splitting of AH =125 G, indicated
by the arrows in Fig. 25. The LESR spectrum shows that
the steady-state density of the corresponding spin states is
relatively small ~10' cm™3 compared to a total density
of trapped electrons and holes of about 107 cm™3.
Nevertheless, these states dominate the ODMR hyperfine
structure, as can be seen in the two lower traces in Fig. 25.
The ODMR spectra contain both the outer (AH =250 G)
and inner (AH =~ 125 G) pairs of hyperfine lines also seen
in LESR, but the resonant changes of the luminescence
signal associated with the inner hyperfine lines dominate,
especially for small phase shifts, ¢, between the magnetic
field modulation and the phase-sensitive detection of the
resonant luminescence changes.

Further information about the electronic processes re-
sponsible for the LESR and ODMR spectra in Fig. 25 can
be obtained from time-resolved ODMR measurements.
Figure 26 shows the transient responses of the lumines-
cence in compensated a-Si:H at T'=40 K, when a
resonant microwave field is turned on and off. The three
different traces are obtained by satisfying the magnetic
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FIG. 25. Light-induced electron-spin-resonance (LESR) and
optically detected magnetic resonance (ODMR) spectra of com-
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rows indicate the hyperfine spectrum due to donor-bound
electron-hole pairs with a field splitting of AH=125 G. The an-
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resonance conditions for the central ODMR line, the
inner pair of hyperfine lines, and the outer pair of hyper-
fine lines. Positive going transients indicate a resonant
enhancement of the luminescence intensity, L (AL >0).
These transients suggest that the electronic states corre-
sponding to the inner hyperfine lines are involved purely
in a radiative, luminescent transition, the probability of
which is enhanced by spin resonance. A similar con-
clusion holds for the outer pair of hyperfine lines, only
that in this case the resonant enhancement is less pro-
nounced. Note that this is consistent with the LESR
spectrum in Fig. 25, which indicates that the electronic
states causing the outer lines have a longer lifetime (and,
therefore, a higher steady-state concentration in LESR)
than the states connected with the inner lines, which ap-
pear to exhibit a faster radiative decay. On the other
hand, the central ODMR resonance has both, enhancing
character at short times and a pronounced quenching
character at longer delay times. This behavior suggests
that the electronic states underlying the central resonance
also takes part in a nonradiative recombination transition,
thus causing a decrease of the compensating luminescent
transition upon spin resonance.

B. Discussion

Although there are many interesting aspects concerning
the magnetic resonance response (LESR and ODMR) of
compensated a-Si:H itself, in the following discussion we
will focus our attention more on those issues relevant to
the doping process and dopant states in a-Si:H.

Figure 27 is a schematic model for the electronic densi-
ty of states in compensated a-Si:H as it can be deduced
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FIG. 27. Schematic model for the density of states in com-
pensated a-Si:H. Valence-band tail, dangling bonds, and
conduction-band tail are denoted by VB, D° and D, and CB,
respectively. P, and B, refer to the bands of active donors and
acceptors. The electron and hole quasi-Fermi-level positions,
Efg, and Ef)p, under illumination at low temperatures are indi-
cated by dashed-dotted lines. Hatched regions show the elec-
tronic states contributing to the LESR signal. hf is the fraction
of neutral donor states responsible for the hyperfine-split spin
resonance signal.
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from the ESR and LESR measurements. As indicated by
the solid and dashed curves in this figure, the density of
states can be divided into two contributions: (i) states in-
trinsic to a-Si:H, which are also present in undoped ma-
terial (solid), and (ii) states introduced by the dopants
(dashed curves). The ESR results presented in Sec. IIB
suggest that the density of intrinsic electronic states
remains fairly unchanged by the compensation. Specifi-
cally, there is no compensation-induced enhancement of
dangling-bond defects, as demonstrated e.g., by the ESR
results shown in Fig. 21, and also by optical measure-
ments.”* Consequently, most of the differences between
compensated and undoped a-Si:H must be due to the
dopant-related states. To be more specific, if we consider
the case of a-Si:H compensated with B and P, the relevant
states are B;°, B,~, B,%, P,°, P,*, and P,°. In addition, we
have to allow for a certain degree of direct donor-acceptor
bonding, leading for example to the formation of (Si);—
B—P—(Si); complexes (i,j =2,3). Recent NMR double-
resonance experiments have shown that for a compensa-
tion level of 1%, about half of the dopant atoms actually
are incorporated in the form of such complexes.’> How-
ever, it is likely that most of these dopant-related states do
not have a significant influence on the observed electronic
processes in compensated a¢-Si:H. This has already been
discussed in the case of the nondoping threefold-
coordinated configurations, B;° and P;’. In a similar way,
one can argue that B—P complexes, too, are not electroni-
cally active in a-Si:H. The reason lies in the larger
bonding-antibonding splitting for a B—P bond compared
to Si—Si bonds.?* This means that electronic states relat-
ed to the B-P pairs probably will not lie in the mobility
gap of a-Si:H.

These preliminary ideas are further supported by the
present ESR and LESR measurements. As demonstrated
by the spectra in Fig. 22, the only paramagnetic states ob-
served in a-Si:H either in thermal equilibrium or under il-
lumination at low temperatures are as follows: neutral
dangling bonds, Si;% holes trapped in weak Si—Si bond-
ing states, (Sig-Siy)*; electrons trapped in weak Si—Si an-
tibonding states, (Si4-Siy)”; electrons trapped at donor
sites, P,°, As,. The important point is that these states
not only are all the paramagnetic defects observed, but
also account for all states required by charge neutrality,
even under illumination and for varying doping levels (cf.
Fig. 23). For the case of compensated a-Si:H, this fact al-
lows the conclusion that if there are any other dopant-
related defects in the gap of a-Si:H than those listed
above, their density has to be negligible so as not to dis-
turb the charge neutrality in the samples.

On the other hand, the density-of-states model in Fig.
27 can account for most experimental observations. The
density of dangling-bond defects is low and independent
of the compensation level. This is demonstrated by the
constant density of neutral dangling bonds observed in
ESR (Fig. 21) as well as by the high and compensation-
level-independent density of photoexcited carriers ob-
served in LESR (Fig. 23). The same LESR measurements
demonstrate that the character of the valence-band-tail
states remains fairly unchanged by the compensation. In
all compensated samples studied, hole trapping was al-
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ways due to weak Si—Si bonds (g ~2.011). This shows at
the same time that the active acceptors necessary for the
compensation of the large density of active donors must
have electronic levels quite far into the valence-band tail,
so as to make them unobservable in LESR. In Fig. 27,
this is indicated by an acceptor density of states (B4 peak)
below the hole quasi-Fermi-level Ef,. Quite differently,
conduction-band-tail states and phosphorus donor levels
occur in the same energy range and are both intersected
by the electron quasi-Fermi-level Ef ,, emphasizing their
role as electron traps. Depending on the compensation
level, either conduction-band-tail states or donor states
will be more abundant, thereby dominating the electron
trapping. Roughly equal densities of active donors and
tail states are obtained for a gas-phase doping level of
[B,H¢]/[SiH,]=[PH;]/[SiH;]~107% A comparison of
the ratio of conduction-band-tail states and donor levels as
a function of compensation level has allowed us to con-
clude that the doping efficiency for both acceptors and
donors in compensated a-Si:H is much higher than for the
case of single doping (e.g., =~10% versus 0.1% for a
dopant concentration of 1%).

The observation of the donor hyperfine spectra in
LESR and ODMR allows further conclusions concerning
the microscopic configuration of these states. We have al-
ready mentioned above that the similar P,%-hyperfine
splitting seen in compensated a-Si:H and singly doped
material suggests roughly identical donor wave functions
in both cases. For example, it is quite unlikely that the
majority of the active donors in compensated a-Si:H
occur in the form of B,~-P,* pairs, since the interaction
with a charged boron atom with its significant nuclear
magnetic moment should have noticeable effects on the
hyperfine splitting of an electron trapped at the phos-
phorus site.

Another remarkable feature in the magnetic resonance
spectra of compensated a-Si:H is the appearance of an ad-
ditional pair of hyperfine lines with a splitting of AH
~125 G, half of the hyperfine splitting observed for the
neutral donors in the same material. A likely explanation
for these resonances are exchange-coupled electron-hole
pairs located at the site of an active phosphorus donor.
(In a way, such a state could be called a donor bound exci-
ton in compensated a-Si:H, consisting of an electron lo-
calized at the site of a P, atom and coupled to a hole
trapped in an adjacent weak Si—Si bond via exchange in-
teraction.) The paramagnetic state thus can be pictured as
the S=1 triple state formed by exchange interaction be-
tween a neutral donor electron (AH=250 G) and a hole
trapped in a nearby weak-bonding orbital (AH=0).
Indeed, this would provide a straightforward explanation
for the observed hyperfine splitting of AH =125 G. Note
also that similar conclusions have been reached in low de-
fect density, undoped a-Si:H based on the analysis of the
g value of ODMR spectra.”® In the latter case, the reso-
nance was identified via its g value, which was observed
as the arithmetic average between that of electrons in
conduction-band-tail states (g=2.0044) and of holes in
valence-band-tail states (g=2.011). In addition, all other
experimental observations support the identification of the
AH=125 G hyperfine pair in compensated a-Si:H with

exchange-coupled electron-hole pairs close to a donor site.
For example, this resonance is only observed at the
highest compensation levels (<3x1073), hence demon-
strating the involvement of the donor states. Also,
exchange-coupled states are likely to have short radiative
lifetimes, which explains the dominating role of the corre-
sponding resonances in the ODMR spectra as well as the
low steady-state concentrations observed in the LESR
spectra.

Finally, some comments concerning the new ESR re-
sults described in Sec. III B in relation to earlier investiga-
tions of carrier trapping and recombination in compensat-
ed a-Si:H (Sec. IIT A) should be made. The main differ-
ence between these earlier investigations and the present
study is the direct observation of the P, states and the im-
plications already discussed above. For electrons in com-
pensated a-Si:H the presence of these states results in an
increase of the average trap depth, in qualitative agree-
ment with the luminescence and transport experiments
cited in Sec. III A. Quantitatively, however, there are
quite severe differences. According to the present LESR
measurements, the average trap depth of electrons in-
creases only by about 20 meV, whereas the corresponding
increase estimated from transport measurements is about
1 order of magnitude larger [ =300 meV (Ref. 17)]. A
similar situation is observed for the case of holes trapped
in the valence-band tail of compensated a-Si:H. The
LESR spectra indicate no significant changes in the hole
trapping behavior (only small changes in the LESR line
shape occur), whereas hole mobility measurements again
suggest an increase of the average hole trap depth by
roughly 300 meV.”” The results of the mobility measure-
ments are also consistent with the observed decrease of the
luminescence peak energy in compensated a-Si:H by about
0.4 ev.40

At present, we can only speculate on possible reasons
for these quantitative differences. An important point
one has to keep in mind is that different experimental
techniques (time-of-flight, luminescence, LESR) generally
observe different properties of the charge carriers trapped
in compensated a-Si:H during illumination. For example,
the LESR response is dominated by carriers with the
longest (nonradiative and radiative) lifetimes and provides
information about the microscopic environment of these
carriers in their trapped state. Luminescence, on the other
hand, will be dominated by those carriers with short radi-
ative lifetimes. Hence, LESR and luminescence can lead
to different conclusions, to the extent that different sub-
sets of trapped excited carriers are observed. An example
for this difference is given by the exchange-coupled
electron-hole pairs described above: The contribution of
these states to the LESR response of compensated a-Si:H
is negligible, whereas under identical conditions the
resonant luminescence response is strongly influenced by
the existence of these pairs (cf. Fig. 25).

As far as mobility measurements are concerned, further
complications can be expected from the fact that the
time-of-flight experiments used for the determination of
the carrier drift mobility observe carrier transport over
macroscopic distances in the material under investigation.
Differences between conclusions derived from such mac-
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roscopic experiments and from microscopic techniques
such as LESR, then, are unavoidable if the samples stud-
ied exhibit inhomogeneities on a length scale which will
leave the microscopic technique unaffected, but will
strongly disturb any macroscopic transport experiment.
In compensated a-Si:H, likely candidates for such long-
scale inhomogeneities are potential fluctuations caused by
the presence of large densities of charged dopants (B,™,
P,%). An interesting question for future investigations
will be to resolve some of these discrepancies between dif-
ferent experimental techniques in the case of compensated
amorphous silicon.

IV. DOPING MODELS

So far, we have mostly discussed the influence of dop-
ing on the electronic density of states in hydrogenated
amorphous silicon and germanium. In the remainder of
this article we will address the questions of how the
dopant atoms responsible for these changes are incor-
porated into the solid films and what mechanisms are
likely to determine the doping efficiencies, i.e., the frac-
tion of the incorporated atoms which are electronically
active.

A. Thin-film deposition and dopant incorporation

The first step in the doping process is the incorporation
of the dopant atoms into the amorphous a-Si:H or
a-Ge:H network. Here we have to discern between dopant
incorporation occurring during or after the actual deposi-
tion of the amorphous film. Post-deposition doping tech-
niques are doping via ion implantation®3¢ or neutron
transmutation.®’” Both methods require additional heat
treatments to anneal out radiation damage, and are less ef-
fective than codeposition doping. The latter technique
makes use of the fact that the presence of gases like phos-
phine (PH3), arsine (AsHj3), or diborane (B,Hg) during the
deposition process leads to an incorporation of P, As, or B
in the growing thin film. However, whereas the solid-
phase concentration of the dopant atoms can easily be cal-
culated for post-deposition doping, in the case of codepo-
sition doping the incorporation efficiency is found to de-
pend quite strongly on the specific deposition conditions
and also on the different dopant gases. A careful analysis
of the atomic composition of the doped material as a
function of the dopant gas concentration is, therefore, al-
ways necessary.

Thin films of a-Si:H or a-Ge:H have been successfully
deposited by a large number of deposition techniques,
which make use of glow-discharge or chemical vapor
deposition of silane (SiH;) and germane (GeH,), or
sputtering from solid Si and Ge in a hydrogen atmo-
sphere.®® Deposition is made with a predetermined mix-
ture of reactive gases, characterized by the volume con-
centration of dopant gases, i.e., PH;, AsHj, or B,Hg, in
the main gases, SiH, or GeH,. This gas-phase (or plasma)
concentration will in the following be denoted by Cg,.
Often, the mixture of reactive gases is further diluted in
more or less “inert” carrier gases like Ar, Ne, He, or H,.
The gas has to be excited in order to overcome the po-

tential barrier against the hydrogen loss reactions lead-
ing to the formation of the solid phase (e.g.,
nSiH,—nSig,+2nH,1). Excitation may occur by raising
the temperature of the gas until a spontaneous equilibrium
chemical vapor deposition (CVD) sets in,% ~°2 by physi-
cally exciting the gas through resonant absorption of light
(Hg photosensitation,”® CO,-laser-assisted deposition’),
or by exciting a plasma in a sufficiently strong rf or dc
electric field. Plasma deposition allows one to vary the
deposition conditions from those characteristic for physi-
cal vapor deposition (PVD: high power density, strongly
diluted reactive gases, heavy ion bombardment, far from
thermal equilibrium) to deposition conditions approaching
the CVD limit (low-power rf-glow discharge, undiluted
reactive gases, floating substrate potential). The latter
conditions are the ones most commonly used today for the
deposition of state-of-the-art a-Si:H (doped or undoped),
and the essentially CVD character of the deposition has
been demonstrated recently.”> Doping of amorphous sil-
icon and germanium has also been achieved using the rf-
sputtering technique.*®

The atomic concentration of dopant atoms in the solid
phase, C,, can be determined using a variety of different
techniques. These methods comprise nuclear activation of
dopant atoms,®’ secondary-ion mass spectrometry,” or, at
higher dopant concentrations, Auger electron spectros-
copy and electron microprobe analysis.”® In Fig. 28 some
published results for Cy, versus C,, in a-Si:H doped
with P, As, or B have been compiled for a number of dif-
ferent deposition techniques. It is quite evident that for a
given dopant concentration in the gas mixture used for
the deposition, the concentration of dopant atoms actually
incorporated into the solid film can vary by many orders
of magnitude, depending on the deposition conditions,
and also on the nature of the reactive gases. Because of
our lack of understanding of the processes occurring dur-
ing the deposition of amorphous Si and Ge, it is impossi-
ble to account for the experimental data in Fig. 28 in any
detail. Nevertheless, some general remarks seem ap-
propriate.

Two limiting cases are evident from Fig. 28. All exper-
imental points seem to be located between the two dashed
lines, which are given by the relations Cg, =C,,, (linear
incorporation) and Cg,=( Cgas)]/ 2. Secondly, for any
given gas mixture, the C,;=C,,, limit is obtained for
deposition conditions favoring physical vapor deposition
(PVD), whereas the Cyy=(Cg,)'? limit is approached
for deposition conditions closer to a chemical reaction in
thermal equilibrium (CVD). For example, deposition
through an energetic (dc) glow discharge at low tempera-
tures and with considerable dilution in inert gases almost
invariably leads to a linear incorporation of the dopants,
independent of their nature (As, P, or B). The reason is
quite clear: The large and homogeneous supply with ener-
gy masks any differences in the chemical reactivity of the
various molecules and radicals present in the gas phase.
As a consequence, the composition of the growing solid
film just mirrors the partial pressures of the various gases
in the plasma. On the other hand, if the energy input per
molecule is just sufficient to activate the hydrogen-loss re-
actions necessary for the formation of the solid phase, the
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FIG. 28. Incorporation probability for P, As, and B into hy-
drogenated amorphous silicon prepared by various deposition
techniques. Shown is the dependence of the dopant concentra-
tion in the solid film on the dopant-gas concentration in the
deposition gas mixture. Dashed lines indicate the limits of
linear and square-root incorporation.

deposition rate of the various species will be determined
by a thermal equilibrium between the participating prod-
ucts and educts. Then the incorporation of dopants will
be governed by a system of coupled chemical reactions de-
pending on chemical reaction energies and the relative
concentrations of dopants in both the gaseous and the
solid phase. Under these conditions, a departure from a
linear incorporation of dopants into the host matrix can
occur. Indeed, deposition processes operating close to
thermal equilibrium conditions (e.g., low-power, rf-glow
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discharge of undiluted gases, high-temperature deposi-
tions) generally lead to a deviation from the PVD limit,
Coo1=Cgy, and tend to be close to the second limiting re-
lation in Fig. 28, i.e.,, Cy=(C,,)'"% Note that such a
“square-root” dependence is generally to be expected for a
chemical reaction of the type

AB=A +B . (24)
Then, because of [ 4]=[B], the law-of-mass action yields

[4][B] _ [A] _ BT
[4B] _ [4B]  [4B]

=const (25a)

or

[4]=[B]<[4B]', (25b)

where we have denoted the concentrations of the species
involved in the reaction (24) by square brackets.

Even for a fixed deposition method the concentration of
dopants in a given host matrix depends strongly on the
dopant-host system. This is illustrated in Fig. 29 for the
glow-discharge (GD) technique. The solid-phase concen-
trations of P, As, and B are shown for doped GD a-Si:H
and a-Ge:H as a function of the corresponding gas-phase
concentrations. Again, it is quite clear that the exponent
s in the relation Cgy o« Cy,s can take any value between
s~0.5 and s=1 for the different dopant-host systems,
corresponding to the CVD and PVD limits discussed
above. For a-Ge:H, s=0.5 is seen for P doping, whereas
s=1.1 in B-doped material. In a-Si:H, s=0.6 is observed
in As-doped samples, and s=0.8 describes both P- and
B-doped a-Si:H.

Some insight into the data of Fig. 29 can be found from
a related deposition method, Hg-sensitized photo-CVD
(Ref. 93 and references therein). This method is quite
similar to a low-power rf-plasma deposition in that the
process has CVD rather than PVD character,’>° and the
activation of these chemical processes occurs through
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FIG. 29. Dopant incorporation probability for hydrogenated amorphous silicon (a) and germanium (b) prepared by the glow-
discharge techniques. s denotes the exponent in the relation Cy, — Cyga, Where Cyy (Cygas) is the chemical concentration (partial pres-
sure) of the doping species in the deposited solid film (deposition plasma).
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electronic excitation. In the case of Hg-sensitized photo-
CVD, this excitation is provided via resonant absorption
of light emitted from a mercury lamp by Hg atoms mixed
with the gases to be deposited. From an analytical point
of view, the advantage of this method is that the amount
of (activation) energy transferred into a specific gas, and
therefore the probability of the chemical reactions limit-
ing the solid-phase deposition can be measured quite accu-
rately.”® Typically, the results of these measurements are
expressed in terms of a quenching cross section for the
resonant Hg radiation (A=2537 and 1849 A). Values for
the gases of interest here are listed in Table VIII.

Although the relevance of these cross sections for rf-
glow-discharge processes may be questioned, they are in
surprisingly good agreement with a number of observa-
tions made in rf plasmas. For example, the ratio of the
cross sections for silane and germane according to Table
VIII is 1:5.4. This has to be compared with the relative
incorporation rates for Si and Ge in rf plasma deposited
a-SiGe alloys, which have been measured is 1:5 up to
1:7.1% Or, the incorporation of nitrogen into SiN alloys
deposited from NH;-SiH, plasmas should be suppressed
by a factor of about 8, again in quite good agreement with
the experimental observations.!®! As far as the incorpora-
tion of dopants into @-Si:H is concerned, the values in
Table VIII suggest that As should be strongly enriched in
a-Si:H, whereas P should be incorporated with a 1:1 prob-
ability. Moreover, for the same gas-phase concentrations,
all dopants should be approximately 5 times more concen-
trated in a-Si:H than in a-Ge:H. All this is in good quali-
tative agreement with the data in Fig. 29.

We next address the strongly sublinear dependence of
the solid-phase concentration on the gas-phase concentra-
tion observed for As in @¢-Si:H and P in a-Ge:H. As
pointed out before, such a behavior can result from a situ-
ation in which the rate-limiting step for the dopant incor-
poration is governed by a bimolecular chemical reaction
[Eq. (24)]. It is, therefore, quite interesting to note that
the As—As (P—P) bond strength is significantly larger
than the As—H (P—H) bond strength, whereas for Ge, Si,
and B the bonding to hydrogen has a similar or even
larger strength than bonding between like atoms (Table
IV, Ref. 61). This, then, would promote the formation of
molecules containing As, (P,) units in sufficiently dense
AsH; (PH;) plasmas. If the incorporation of these mole-
cules into a growing a-Si:H or a-Ge:H film is inhibited

TABLE VIII. Quenching cross sections for chemical vapor
deposition of various gases (Ref. 93).

Photo-CVD
cross section
Gas (A%
SiH, 26
GeH, 140
PH; 26
AsH; very large
B,Hg¢ unknown
NH, 3
H, 6
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relative to the incorporation of molecules or radicals con-
taining only one As (P) atom, a square-root dependence of
the solid state on the gas-phase concentration can result.
A similar situation actually exists for the preparation of
phosphorus-doped crystalline silicon from thermal CVD
of SiH,-PH; gas, %2 and the reader is referred to this work
for further details.

B. The doping efficiency

Before we can attempt a discussion of the possible dop-
ing mechanisms in amorphous silicon or germanium, we
have to obtain an experimental determination of the num-
ber of active dopants in a given sample. Since active and
inactive dopant atoms can be expected to differ by their
coordination number (four versus three), early experi-
ments were designed to observe this difference directly.
The first experiment of this kind was performed by
Knights et al., who used extended x-ray-absorption fine
structure (EXAFS) measurements to investigate doping of
a-Si:H with arsenic.'® As a result of these measure-
ments, the authors concluded that for a solid-phase As
concentration of about 4 X 10*° cm~3 approximately 20%
of the arsenic atoms are fourfold coordinated. This would
mean that of the order of 10*° cm~3 donor electrons are
present in a 1% As-doped a-Si:H sample. If we compare
this number with the concentration of excess electrons in
glow-discharge a-Si:H doped with As shown in Figs. 19
and 20, we note that the result obtained from the EXAFS
measurements is too high by at least an order of magni-
tude. The probable reason for this discrepancy has to do
with the fact that the way hydrogen bonds to As and Si
atoms in a-Si,As;_,:H will have a large influence on the
average coordination of these atoms as measured by
EXAFS, because the presence of hydrogen cannot be
detected by this method. For example, there has been ex-
perimental evidence for preferential bonding of hydrogen
to arsenic,'® as well as for strong changes in the hydro-
gen bonding environment with changing arsenic concen-
tration.®® In view of these large uncertainties in the
reduction of the EXAFS data, we believe that an accurate
determination of the doping efficiency in a-Si:H for the
interesting range of dopant concentrations (<1 at. %) is
not feasible. In the case of the more common dopants in
a-Si:H, phosphorus and boron, EXAFS measurements
cannot be used because of the small x-ray contrast of the
dopant atoms relative to the a-Si:H matrix. Therefore,
nuclear magnetic resonance of the *'P and ''B nuclei has
been used for an investigation of the coordination of these
dopants in g-Si:H.!%>—107

It appears that a direct structural determination of the
doping efficiency in a-Si:H or a-Ge:H is quite difficult
and can be complicated by clustering of dopant atoms or
bonding to hydrogen. Especially the latter aspect of dop-
ing in a-Si:H can be quite important, in view of the recent
discovery of dopant passivation by hydrogen in crystalline
semiconductors.'®~110 A more meaningful and reliable
estimate of the doping efficiency in the amorphous semi-
conductors can be obtained by determining the concentra-
tion of excess charge carriers in the doped relative to un-
doped material, quite in analogy to crystalline semicon-
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ductors. In the amorphous materials, however, the mea-
surement of the excess charge concentration is complicat-
ed by the fact that excess carriers can be trapped by the
amphoteric dangling-bond defects near midgap to form
Siz* or Si; ™ states and, moreover, by the experimental ob-
servation that the density of these defects changes with
doping level (see Sec. IID). Hence, in order to measure
the excess charge introduced by electronically active
dopants, one has to determine not only the concentration
of electrons or holes in shallow states (tail states and neu-
tral dopants, see Fig. 20), but also the concentrations of
dangling-bond defects in their various charge states.
Here, we can address this problem by combining the
electron-spin-resonance measurements shown in Figs. 2(a)
and 2(b) with the optical-absorption data summarized in
Fig. 19. The optical-absorption measurements yield the
total dangling-bond density, N =N+t +4+N°4+ N, fairly
independent of the relative charge states, since these dif-
ferent states have roughly identical cross sections for opti-
cal transitions out of or into extended states. On the other
hand, the ESR spin density only probes the density N°, of
neutral, singly occupied dangling bonds. Depending on
the dangling-bond density in the undoped case, two situa-
tions can occur. In a-Si:H, the density of neutral dan-
gling bonds, N, is usually less than or equal to 10'® cm 3
for the various doping levels [Fig. 2(a)]. In contrast, the
optical-absorption measurements show that the total
dangling-bond density N is significantly larger than N°
for doping levels above 10>, This indicates that in doped
a-Si:H nearly all dangling bonds have been charged by
trapping a dopant electron or hole. Since, in addition, the
density of carriers in shallow states is always much small-
er than the density of charged dangling bonds, to a good
approximation the number of electronically active dopants
in this material is given just by the number of charged
dangling-bond defects measured by optical methods
(luminescence, absorption, LESR). This fact can be em-
ployed to determine the doping efficiency in high-quality
a-Si:H only from optical data.!!!

In a-Ge:H, however, this approach is not correct, since
the total dangling-bond density N, as shown in Fig. 19, is
always quite similar to the ESR spin density of neutral
dangling bonds in undoped samples, N°~8x 107 cm ™3
[Fig. 2(b)], at least for doping levels up to 10~3. Hence, in
order to calculate the doping efficiency in a-Ge:H, not
only the total dangling-bond density N from optical mea-
surements has to be known, but also the fraction N° of
ESR-active neutral dangling bonds. Only then the density
N, of active dopants can be determined:

Nuy=N —N+n (26)

(n denotes the density of charge carriers in shallow states,
see Fig. 20). In Eq. (26) we have made use of the fact that
Nt «<N~ (N~ «<N%) for n-type ( P-type) samples. In
terms of this equation, the difference between a-Si:H and
a-Ge:H is that in a-Si:H, N >>n —N° for all doping lev-
els above 10 ppm, whereas a similar approximation in
a-Ge:H is only valid for doping levels exceeding 10° ppm.

In any case, with the experimental data for N° N, and
n already shown in Figs. 2(a), 2(b), 19, and 20, it is now
easy to calculate the density of active dopants, N,, and,

thus, the doping efficiency using Eq. (26). However, ac-
cording to our remarks above, we are faced with the yet
unsolved problem of what dopant concentrations we
should relate the calculated values of N, to in order to
obtain a meaningful doping efficiency 7. Two extreme
viewpoints seem possible.!!? The first possibility is to de-
fine a solid-phase doping efficiency 7, as the ratio of the
density of active doptans to the total concentration of
dopant atoms in the solid amorphous film N:

Nact
Nsol

MNsol = 27
This definition assumes implicitly that all dopant atoms
incorporated into the solid are, in principle, capable of
forming active dopant sites. In other words, Eq. (27) is a
reasonable definition of the doping efficiency in a-Ge:H
and a-Si:H, if most constraints imposed by the solid phase
determine whether an incorporated dopant atom is elec-
tronically active or not. The experimental values for the
solid-phase doping efficiency 7, are compiled in Fig. 30
for the various dopant-host systems investigated. For the
calculation of 7y, we have made use of the incorporation
data in Figs. 29(a) and 29(b). As a general observation,
7ol decreases from about 10% for low dopant concentra-
tions to about 0.1% at the highest doping levels and is
therefore by about 2 orders of magnitude smaller than es-
timated from the direct structural investigations described
above. The scatter between the solid-phase doping effi-
ciencies for the different dopant-host systems is about a
factor of 10. More important, the dependence of 7., on
the dopant concentration is qualitatively different: P in
a-Ge:H and As in a-Si:H show a doping efficiency 7,
which is nearly independent of the dopant concentration
in the solid phase, whereas the other dopant-host pairs ex-
hibit a sublinear decrease of 7, with increasing dopant
concentration.
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FIG. 30. Solid-phase doping efficiency [see Eq. (27)] as a
function of solid-phase dopant concentration for glow-discharge
a-Si:H and a-Ge:H samples doped with P, As, or B.
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A second possibility for the definition of the doping ef-
ficiency in a-Si:H and a-Ge:H is obtained by relating the
density N, of active donors in the deposited solid film to
the gas-phase concentration N,,; of dopant atoms present
in the deposition plasma (for example, N,
=[PH;]/[SiH,] in the case of phosphorus-doped a-Si:H).
The resulting “total doping efficiency,”

N
Mot= N

(28)

gas

can be regarded as the product of the solid-phase doping
efficiency 7, and the dopant incorporation efficiency

Minc*

N, sol
N gas

N N
= l = l =MsolMinc - (29)

Mot = N N

gas

The definition of a doping efficiency according to Eq. (28)
is reasonable if we assume that the concentration of active
dopants after deposition is limited by reactions in the
plasma used for the deposition. Such a situation will
occur, for example, if an active solid-phase dopant re-
quires a certain precursor in the deposition plasma for its
formation, and can be quite important for the deposition
technique used for high-quality a-Si:H or a-Ge:H, namely
rapid solidification from a low-energy plasma. Experi-
mental results for the total doping efficiency 7, in
a-Ge:H and a-Si:H are summarized in Fig. 31. In com-
parison to Fig. 30 it should be noted that the second defi-
nition of the doping efficiency [Eq. (28)] leads to a com-
mon, unique behavior for all five dopant-host pairs, name-
ly an efficiency which decreases like a square root with in-
creasing dopant gas concentration and, moreover, agrees
within a factor of 2 for all dopants in a-Si:H and a-Ge:H.
Obviously, for this to happen, Eq. (29) requires that varia-
tions in the incorporation efficiency (7);,.) and the solid-
phase doping efficiency (7)) cancel exactly over 4 orders
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FIG. 31. Total doping efficiency [see Eq. (28)], as a function
of dopant gas concentration in the deposition plasma for the
samples in Fig. 30.

of magnitude in the doping gas concentration and for all
dopants in a-Si:H and a-Ge:H. This remarkable result
suggest that the creation of active dopants in these materi-
als is closely related to the plasma chemistry such that the
same reactions enabling an enhanced incorporation proba-
bility for the two cases of P in a-Ge:H and As in a-Si:H
have no similar influence on the formation of active
dopant sites. Or, in other words, the gas-phase species re-
sponsible for the enhanced incorporation do not lead to
the formation of active dopant sites.

C. Doping models

There have been several attempts to develop qualitative
and semiquantitative models for the doping process in
a-Si:H. In order to account for the experimental results
presented in this paper, a realistic doping model should be
capable of explaining consistently the following points.

(i) The doping efficiency in a-Si:H and a-Ge:H is much
lower than in the corresponding crystalline materials and
generally tends to decrease with increasing dopant concen-
trations (either in the deposited film or in the gas mixture
used for deposition).

(ii) The majority of the excess electrons or holes intro-
duced by doping does not occupy shallow tail states, but
rather deep dangling-bond defects, whose concentration
increases with increasing doping level (autocompensation,
doping-induced dangling bonds).

(iii) In contrast, compensated samples have a constant,
low density of dangling-bond defects, despite a greatly
enhanced doping efficiency.

(iv) The incorporation of dopant atoms into an amor-
phous film depends strongly on the specific deposition
process used. For chemical vapor depositionlike process-
es, strong enrichment of dopants is quite common. How-
ever, increased incorporation does not cause an increased
doping efficiency. This means that dopant atoms which
are incorporated preferentially, on the average, end up in a
nondoping configuration.

Originally, the absence of doping in amorphous semi-
conductors and, as a first approximation, the quite small
doping efficiency in amorphous silicon and germanium
was explained by Mott, who extended the well-known Oc-
tet rule for chemical molecular valences to the bonding
situation in amorphous solids.!® Mott’s “8— N rule”
states that, because of the largely reduced topological con-
straints in an amorphous solid, every atom will bond with
a coordination of Z=min(N, 8 — ), where N is the num-
ber of valence electrons. Then, as discussed in the Intro-
duction, doping will not occur.

However, the experimental observation of doping in
a-Si:H showed that the 8 — N rule cannot be applied un-
critically to every amorphous semiconductor, but that
modifications are necessary. Specifically for the case of
a-Si:H, one of us (R.A.S.) proposed in 1982 that for a
better description of the doping process the 8 — N rule has
to be extended so as to include charged configurations of
the matrix atoms [111]. It was argued that, for example,
a positively charged phosphorus atom (P™) is isoelectron-
ic to a neutral silicon atom (Si®) and, as a consequence,
will prefer a fourfold coordination, resulting in a P,*
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state. Similarly, a negatively charged Si atom is isoelect-
ronic to a neutral P atom, thus bonding preferentially as
Si;~ (threefold coordinated). This being the case, doping
in a-Si:H can be understood, in the context of a “modified
8 — N rule,” as a valence alternation-charge exchange pro-
cess:

Si’+P°=Sis~ + P, (30)

where both sides obey the modified rule (including
charged species), but the left-hand side describes a non-
doping situation, whereas the right-hand side refers to an
active dopant atom which has donated a carrier to a com-
pensating, doping-induced dangling bond. Of course,
similar arguments apply to the case of p-type doping, e.g.,
with boron. Doping in a-Si:H can then be modeled in
terms of a ‘“chemical equilibrium” between the two sides
in Eq. (30), probably established during the deposition of
the material, when the network is still flexible enough to
allow the necessary valence alternation. The large success
of this model is a consistent description of the doping effi-
ciency in a-Si:H and of the creation of new dangling-bond
defects by the doping process. More details are given in
Refs. 75, 111, and 113. In addition, it was pointed out
that the modified 8 — N rule could be used to establish a
more general connection between the Fermi- or quasi-
Fermi-level position and the density of structural defects
(dangling bonds) in a material like a-Si:H. According to
the modified 8 — N rule, the coordination of a matrix
atom depends on the charge state of this atom, which in
turn is determined by the Fermi-level position. Thus, the
modified 8 — N rule is not only capable of describing the
basic aspects of doping in a-Si:H, but also other examples
of charge-induced defect creation in this material. A
more-detailed discussion of the various implications of the
modified 8 — N rule on the electronic properties of a-Si:H
can be found in a recent article by Miiller et al.!'* In ad-
dition, Robertson has discussed microscopic aspects of the
8 — N rule relevant to doping in amorphous silicon.!!>1!¢
Despite the obvious success of Street’s model in ex-
plaining the most salient features of doping in a-Si:H,
closer inspection of the experimental results raises some
doubts as to whether this model alone is sufficient to ac-
count in detail for the many facets of the process in ques-
tion. For example, amorphous silicon and germanium can
sustain quite large densities of electronic states which are
forbidden by the 8 — N or the modified 8 — N rule. The
most prominent example in undoped material is the neu-
tral dangling bond, Si;® or Ge;°. In doped a-Si:H and
a-Ge:H, the observation of occupied tail states (CB or VB)
and of neutral donor levels (P,° and As,) are further ex-
amples. The obvious reason for the occurrence of these
states is that an amorphous network like a-Si:H is not to-
tally free of structural constraints, so that this necessary
condition for the applicability of the 8 — N rule is not ful-
filled. Important structural constraints present in amor-
phous silicon and germanium are the overcoordination of
the tetrahedral network,!!” promoting the formation of
strain-relieving dangling-bond defects, and the preserva-
tion of short-range order, which imposes certain con-
straints on the possible bonding configuration of non-
tetrahedral species like dopants. Recognizing this fact,

the present authors have already pointed out possible
modifications of the ideal 8 — N rule in order to arrive at
more realistic doping models. '8

A second and rather important point is that the 8 — N
rule describes doping in a@-Si:H and a-Ge:H only in terms
of solid-phase species like Si;, P,, and so on. This, howev-
er, is a quite severe simplification of the actual situation
in that possible memory effects in the solid phases are
neglected. Remember that, generally, the preparation of
amorphous silicon or germanium requires a rapid solidifi-
cation of gas-phase or plasma precursors in order to
prevent immediate crystallization of a sample. After all,
the preparation of a-Si:H or aGe:H is based on the fact
that the solid phase or surface mobility of the deposited
atoms is sufficiently low, preventing them from attaining
their absolute minimum-energy configuration. Obviously,
the same must be true for the dopant species. This pic-
ture implies that the assumption of a thermal equilibrium
at the growing surface is incompatible with the formation
of an amorphous Si or Ge network. This is also true for
the probability of a dopant atom to become incorporated
into the solid amorphous film on an electronically active
or inactive site, and therefore the doping efficiency may
well depend on what was the precursor of the atom in the
deposition plasma and on subsequent reactions at the
growing surface. As an implication, it would be very for-
tuitous if the doping efficiency in a-Si:H and a-Ge:H
could be described by a chemical equilibrium between
solid-state species allowed by the 8 — N rule. Indeed, the
experimental data for the doping efficiency shown in Figs.
30 and 31 suggest that the gas-phase dopant concentration
rather than the solid-phase concentration determines the
doping efficiency in a-Si:H and a-Ge:H, an experimental
result which clearly cannot be understood in the context
of the doping model based on the modified 8 — N rule. In
the case of phosphorus-doped a-Si:H, Kampas and Vanier
have recognized this fact and have developed a doping
model which explicitly includes gas-phase species.'"”
However, their model is much too specialized to be able to
account for the common dependence of the doping effi-
ciency on the gas-phase dopant concentration shown in
Fig. 31 for the five different dopant-host systems investi-
gated here. In addition, the doping efficiency for a given
dopant-host pair at a fixed dopant concentration can be
expected to depend quite strongly on the deposition pro-
cedure employed if gas-phase reactions are important.
Indeed, recent measurements on sputtered a-Si:H doped
with As and B support this conjecture. '2°

To summarize the arguments given above, it is quite
likely that gas-phase reactions and gas-surface interac-
tions have an important if not dominating influence on
the doping efficiency in glow-discharge-deposited a-Si:H
and a-Ge:H. This result actually constitutes a step back-
wards in our understanding of the doping process, since it
is not only necessary to take into account the various con-
figurations of dopant atoms in the solid film, but also the
complicated gas-phase chemistry leading to the incorpora-
tion of dopants. Moreover, different deposition tech-
niques very likely require somewhat different models for
the dopant incorporation and the doping efficiency. In
the case of the low-power glow-discharge deposition tech-
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nique, a rate-limiting step for the incorporation of active
dopant atoms might be the loss of the third, unpaired hy-
drogen atom common to the usual dopant gases PHj,
AsHj;, or (BH3),. More details concerning this point can
be found in a separate publication. %!

We conclude that the simple assumption of thermal
equilibrium at the growing surface is unable to account
for all the doping efficiency results, particularly the As-
doping data. On the other hand, we do not have a general
model for gas-phase reactions to explain the universal
square-root dependence of 7, on gas concentrations (Fig.
31) as well as the different dopant incorporation rates
(N1 /Ngas). The properties of compensated a-Si:H fur-
ther confuse the picture. Our data show that the doping
efficiency of compensated samples is very high compared
to singly doped material. The original doping model
readily accounts for this result because it is an expected
consequence of the Fermi energy remaining in the middle
of the band gap. However, to the extent that the dopant
incorporation is a separate process governed by gas reac-
tions, then this simple explanation can no longer apply.

If one assumes that the doping efficiency in a-Si:H and
a-Ge:H is determined by the way dopant precursors are
formed in the gas phase and are finally incorporated into
the solid, a separate explanation has to be found for the
doping-induced increase in the density of compensating
dangling-bond defects. In particular, we can no longer ex-
pect that these dangling bonds are formed at the same
time as the formation of an active dopant takes place, e.g.,
as described by Eq. (30). Indeed, there is some experimen-
tal evidence that dangling-bond formation and incorpora-
tion of active dopants are governed by distinct process-
es. One example is the case of lithium doping of
a-Si:H.!'*212>  Since Li forms an interstitial donor in
a-Si:H, it will not affect directly the coordination of other
network atoms. Nevertheless, the same doping-induced
creation of deep dangling-bond defects has been observed
in Li-doped a-Si:H.'?* This indicates quite clearly that
the increase in the dangling-bond density upon doping is
not a consequence of valence alternation between dopant
and matrix atoms, but rather a secondary effect induced
by the excess charge donated by the dopants. It appears,
therefore, that not the incorporation of active dopants, but
the resulting shift of the Fermi level is responsible for the
creation of new dangling-bond defects. This notion is
consistent with the experimental fact that, in a similar
fashion, shifts of the quasi-Fermi-level induced by charge
injection or illumination can induce excess dangling
bonds,?!"12>126 even in undoped a-Si:H and after deposi-
tion.

In the case of undoped a-Si:H, the appearance of these
dangling bonds was ascribed to the charge-induced break-
ing of weak Si—Si bonds, whose electronic levels form the
tails of the valence and conduction bands. This situation,
however, is Street’s original argument for doped a-Si:H,
based on the modified 8 — N rule. According to this rule,
the favorable coordination of a silicon atom will depend
on the charge state of the atom, and therefore on the
Fermi- or quasi-Fermi-level position. In the neutral
charge state, the fourfold-coordinated configuration, Si 0,
is energetically favorable. When, however, the (quasi-)
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Fermi level is shifted and a silicon atom becomes positive-
ly or negatively charged, a threefold-coordinated
dangling-bond state, Si;* or Si;~, will be preferred. In
this context, it is not important whether the charging of a
previously neutral Si atom is achieved by doping, il-
lumination (carrier trapping), or charge injection. In any
case, creation of new dangling bonds is the result, and the
modified 8 — N rule provides a consistent description of
charge-induced structural changes in a-Si:H, at least on a
phenomenological level.

Microscopically, on the other hand, this charge-induced
dangling-bond creation is somewhat more difficult to per-
ceive. A restriction imposed on possible microscopical
models may be that the bond breaking necessary for the
creation of new Si-dangling bonds could require strong
charge localization, and thus involves a process which is
restricted to a small number of matrix atoms. For extend-
ed states, electronic wave functions are so delocalized that
the effective charge of any given atom in the solid film is
not appreciably altered, even by the introduction of 10'°
cm ™3 excess charge carriers via doping or injection.

For a-Si:H, electronic levels which have to be con-
sidered in a modified 8 — N scheme as discussed above are
shown schematically in Fig. 32. States close to or above
either mobility edge are not likely to be involved (see also
the results in Fig. 15). This leaves the hatched regions of
the band tails, namely states ~0.2 eV below E., which
are of weak antibonding character, and the weak-
bonding-like valence-band-tail states 0.3—0.4 eV above
Ey. In addition, the deep, strongly localized nonbonding
dangling-bond states with an effective correlation energy
of =~+0.3 eV will be important. We will now show that
many instances of charge-induced dangling-bond creation

weak
antibonding

\ —~— D'

nonbonding

—~— DO

05

~— weak
bonding

FIG. 32. Schematic model for the density of electronic states
in a-Si:H involved in charge-induced weak-bond—dangling-bond
conversion. Energies are given in eV relative to the valence-
band mobility edge Ey. See text for further details.
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in a-Si:H, particularly doping, can be explained by consid-
ering only the states shown in Fig. 32.

The model is based on the charge-induced conversion
between the bonding and antibonding orbitals of a weak
Si—Si bond, and two nonbonding sp? orbitals (dangling
bonds) created by structural relaxation (bond breaking).
In the weak bond configuration, the overlap between the
two sp’® hybrid orbitals is sufficient to produce bonding
and antibonding molecular orbitals close to normal band
states, i.e., in the hatched regions of Fig. 32. In the neu-
tral charge state of the two-atom cluster, only the bonding
orbital near Ej, will be occupied by two electrons. When
excess electrons or holes are introduced by charge injec-
tion or doping, these carriers can be trapped in the local-
ized orbitals of the cluster and can lead to bond breaking.
The necessary relaxation could involve an increase of the
distance between the two Si atoms, changes of the bond
angle by rotation (increasing the 7 bonding character),
and dangling-bond switching by local hydrogen move-
ment (see also Ref. 81). This conversion of a weak bond
into two dangling bonds, therefore, removes one molecu-
lar orbital from each of the hatched regions in Fig. 32,
and adds two new sp> hybrids (dangling bonds) near
midgap. As a consequence the change in electronic ener-
gy occurring with the structural relaxation will depend
quite strongly on the charge state of the cluster during the
conversion. To see this, consider, for example, the neutral
state, where each atomic hybrid contributes one electron.
In the weak bond configuration, these two electrons will
occupy the bonding orbitals with a total electronic energy
relative to Ey of =20.3 eV. In the dangling-bond con-
figuration, the same two electrons must remain in the
nonbonding D orbitals near midgap, so that their energy
would be ~2Xx0.8 eV. Obviously, in this neutral charge
state, bond breaking is energetically unfavorable. The sit-
vation is different, however, in the twice negatively
charged state, when the orbitals of the cluster are occu-
pied by four electrons. In the weak-bond state, again two
electrons occupy the bonding orbital, but in addition the
antibonding orbital is also doubly occupied. This gives an
electronic energy of ~2Xx0.3eV +2x1.6eV=3.8¢V. In
the dangling-bond configuration, on the other hand, all
four electrons are in atomic sp> orbitals, each of which
carries a single negative charge (D ™). Because of the
stronger localization of these orbitals, electronic correla-
tion effects, which could be neglected for the more delo-
calized tail states, have to be taken into account, raising
the energy of each doubly occupied sp* hybrid by the ef-
fective dangling-bond correlation energy, Ugs~0.3 eV.
Thus, the total electronic energy in the dangling-bond
configuration is ~4x0.8 eV + 2x0.3 eV=3.8 ¢V. Simi-
lar estimates can be made for all possible charge states of
the cluster, and the results are summarized in Table IX.
This table shows that the charge-induced creation of dan-
gling bonds is energetically possible especially in the two
double charge states 2 + and 2—. Physically, this makes
sense, because only for these charges the number of bond-
ing and antibonding electrons are equal (0 in the 2 4
state, 2 in the 2— state), thus promoting bond breaking.
In addition, the presence of two charges leads to a
Coulomb repulsion which can further help to increase the

spatial separation between the two sp3-hybrid orbitals.
Note also, that such a microscopic mechanism is con-
sistent with the modified 8— N rule discussed above.
Since the formation of dangling bonds by bond breaking
topologically requires simultaneous changes of the coordi-
nation of two atoms, two charges are also necessary to in-
duce these changes.

A more-detailed discussion of this model and an exten-
sion to other situations of dangling-bond creation in
a-Si:H can be found elsewhere.'?’ Here, we will only dis-
cuss some implications for the doping process in a-Si:H
and a-Ge:H. The microscopic process of the weak-
bond—dangling-bond conversion allows us to explain the
phenomenon of doping-induced dangling-bond defects in-
dependent of the formation of active dopant sites. This is
in better agreement with our experimental results concern-
ing the doping efficiency in @-Si:H and a-Ge:H than for
earlier doping models. In the present model, given a cer-
tain density of active dopants (or excess charges intro-
duced by a different means), conversion of intrinsically
present weak bonds into dangling bonds will take place as
long as any doubly charged tail states remain, since these
states are unstable according to Table IX and the 8 — N
rule. Thus, the model provides an explanation for the
lacking correlation between the doping efficiency and the
dangling-bond density in general (cf. Figs. 19 and 31), and
especially for the fact that mostly singly occupied,
paramagnetic shallow states are observed in a-Si:H (see
Fig. 3). In addition, the existence of such states, which
would have been forbidden by the modified 8 — N rule as
originally proposed, is explained consistently by the
present model.

V. SUMMARY AND CONCLUSIONS

In this study, we have explored substitutional doping in
hydrogenated amorphous silicon and germanium. In or-
der to obtain a sufficiently large data base, five different
dopant-host systems have been investigated, employing
the same experimental techniques (electron-spin-resonance
and related methods, optical absorption, transport mea-
surements, and chemical composition analysis) in each
case. Based solely on combined ESR and transport mea-
surements, models for the electronic density of states of
a-Si:H and a-Ge:H can be deduced, which are in good

TABLE IX. Electronic energies relative to Ej for the weak-
bond and the dangling-bond configuration of two Si sp® hybrids
as a function of the charge state. AE is the energy difference
between the two configurations. See text for further explana-
tion.

Electronic energy (eV)

Charge Weak bond Dangling bond AE
0 0.6 1.5 0.9
+ 0.3 0.8 0.5
2.2 2.7 0.5
2+ 0 0 0
2— 3.8 3.8 0
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agreement with the results of other experimental methods.
Based on these models, differences between the responses
of a-Ge:H and a-Si:H to n- and p-type doping can be un-
derstood.

In the cases of doping with phosphorus and arsenic, a
characteristic hyperfine structure due to the interaction of
donor electrons with the dopant nuclei is observed in the
ESR spectra. A detailed analysis of these spectra can be
used to obtain a microscopic model for the underlying
donor wave functions. It is shown that the various donor
states in a-Ge:H and a-Si:H are well described by s-like
wave functions with effective Bohr radii between 9 and 11
A. Together with recent hyperfine investigations for Si
dangling bonds, this allows us to quantitatively describe
the energy dependence of the localization length in the
mobility gap of a-Si:H.

In order to obtain a quantitative model for the density
of states near the conduction-band mobility edge Ec in
doped samples, the dependence of the ESR spectra in n-
type a-Si:H and a-Ge:H on doping level and temperature
has been investigated. Combined with optical-absorption
measurements of doping-induced changes in the density of
deep dangling-bond levels, these results are used to deduce
the energetic distribution of P and As donor levels. It is
found that phosphorus forms a donor band approximately
100 meV below E., with a full width at half maximum of
120 meV in both a-Si:H and a-Ge:H. Arsenic in a-Si:H
forms a similar donor band, but shifted to lower energies
by about 50 meV.

As far as deep dangling-bond-defect levels are con-
cerned, a comparison of optical subgap absorption results
shows marked differences between the response of this de-
fect density to doping for the various dopants and hosts.
Whereas the dangling-bond density in doped a-Ge:H is, to
first order, independent of the doping level, a-Si:H sam-
ples exhibit a pronounced increase of the dangling-bond
density. By comparing dangling-bond densities in doped
a-Si:H and a-Ge:H with the total density of shallow levels
(tail states and neutral dopants), it is found that for any
given doping level, about 90% of the excess charge car-
riers introduced by the doping are trapped in compensat-
ing dangling-bond defects. The remaining 10% of shal-
low carriers are localized mostly in singly occupied,
paramagnetic states.

In addition to singly doped material, compensated
a-Si:H has been investigated with ESR, LESR, and
ODMR methods as a function of compensation level.
Based on these measurements it can be concluded that the
electronically active states in this material are neutral dan-
gling bonds, conduction- and valence-band-tail states, and
neutral donor levels. Increasing the level of compensation
leaves the dangling-bond density and the density of
valence-band-tail states fairly constant, whereas the densi-
ty of states in the conduction-band tail is dominated by
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donor states for compensation levels above 10~* This
change in the nature of the dominant electron trap can be
used to explain the smaller susceptibility of compensated
a-Si:H to light-induced metastable dangling-bond
creation. From the LESR results it is further concluded
that the boron acceptor levels lie within a much larger
density of valence-band-tail states and are, therefore, not
directly involved in the trapping and recombination pro-
cesses in compensated a-Si:H. At the highest compensa-
tion levels, the formation of donor bound exciton states is
reported.

For a better understanding of the doping process in
a-Si:H and a-Ge:H, the incorporation of dopant atoms
from the deposition gas phase into the solid amorphous
film have been investigated using secondary-ion-mass
spectroscopy (SIMS) and electron microprobe measure-
ments. Generally, it is observed that the concentration of
dopant atoms in the solid phase for a given gas-phase con-
centration can vary by up to 2 orders of magnitude, de-
pending on the gases involved and the nature of the
deposition process. For glow-discharge-deposited a-Si:H
and a-Ge:H, preferential dopant incorporation and
strongly sublinear dependences between solid- and gas-
phase concentrations are found in the cases of arsenic-
doped a-Si:H and phosphorus-doped a-Ge:H. As a possi-
ble explanation for the latter observation, formation of
As, and P, molecular species in the gas phases are dis-
cussed. By relating the density of electronically active
dopants to the total concentration of dopant atoms in the
solid film or in the deposition gas phase, two definitions
for a doping efficiency in a-Si:H and a-Ge:H are ob-
tained. Our results suggest that the gas-phase dopant con-
centration determines the doping efficiency in the deposit-
ed solid. For all five dopant-host pairs, a common de-
crease of the doping efficiency as the square root of the
gas-phase concentration is observed, whereas no such
correlation can be obtained with the solid-phase concen-
tration.

Two models for doping in a-Si:H and a-Ge:H are dis-
cussed. The solid-phase equilibration model supposes that
the creation of dangling-bond defects by doping is neces-
sary for formation of active dopant sites, whereas in the
chemical reaction equilibration model, dangling-bond
creation is a secondary outcome of network rearrange-
ment driven by the doping-induced charges.
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