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In order to clarify the origin of the phosphorus-related hyperfine-electron-spin-resonance (ESR) signal
we study the properties of differently P-doped amorphous hydrogenated silicon (e-Si:H) prepared at low
substrate temperature (7, =50°C) and the changes induced by subsequent annealing at temperatures up
to T ,=250°C. In addition to the standard ESR and electrical conductivity we use light-induced ESR,
subgap absorption, and photomodulation spectroscopy to characterize the samples. We have found that
part of the controversy concerning the origin of the phosphorus hyperfine (hf) signal is related to the fact
that the usual assumptions, namely that the sample is homogeneous, the conduction-band edge energy
E_ is fixed, and only the Fermi level E, moves are not satisfied. When the substrate temperature de-
creases from 250 to 50°C the hydrogen content and the optical gap of P-doped a-Si:H increases and the
anti-Meyer-Neldel behavior indicates the shift of the transport path (Ec). Although the total density of
deep defects changes only slightly by annealing, their character changes substantially. To explain the de-
tails of the ESR results heterogeneity given by long-range potential fluctuations must be introduced.

I. INTRODUCTION

The work by Spear and LeComber,! which demonstrat-
ed that hydrogenated amorphous silicon (a-Si:H) can be
doped, stimulated development of the study of amor-
phous semiconductors. Although the basic principle of
doping of amorphous semiconductors (the so-called
modified 8-N rule), introduced by Street,? is generally ac-
cepted, a number of doping-related problems remain un-
resolved.

Electron-spin-resonance (ESR) measurements signi-
ficantly contributed to the understanding of the micro-
scopic nature of the defects in a-Si:H. Three basic ESR
signals® have been observed in a-Si:H with the ESR g
values of g=2.0055, 2.0044, and 2.013, respectively,
which have been attributed to the electron of a singly oc-
cupied silicon dangling bond (db), electrons trapped in
the conduction band (cb), and holes in the valence-band
(vb) tail, respectively. Later, another ESR hyperfine line
(hf) was observed in P-doped a-Si:H,** and attributed to
the shallow fourfold-coordinated phosphorus donor (P9)
state* or to the deep phosphorus-related states (twofold-
coordinated phosphorus— P9 or “weak” P9).5

The basic argument against the original assignment
(P9) of the p-hf signal has been that an almost identical hf
signal as that in the device-quality*> a-Si:H:P (substrate
temperature T, ~250°C), is also observed’ in a-Si:H:P
prepared at T, =50°C. For this low-T sample the elec-
trical conductivity activation energy E,~=<0.59 eV has
been found and used as an argument that the shallow P
state should be depopulated in this case. With the excep-
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tion of Ref. 7, all other results have been obtained on as-
prepared®® or electron-irradiated® device-quality a-
Si:H:P samples (T, =250°C).

In order to clarify the existing controversies, the aim of
this paper is to present additional experimental results on
differently doped a-Si:H:P samples prepared at T, =50°C,
with the information gained by studying annealing and
by complementary characterization of these samples. In
addition to the results of transport and ESR measure-
ments, we will present light-induced ESR results (LESR)
and also the steady-state photomodulation and subgap
absorption results, which give important information
about the energy positions and density of the main de-
fects. In a certain sense, the annealing of low-T; samples
is the opposite process to the electron irradiation® of
device-quality a-Si:H:P. But there is a substantial
difference in one point—the low-7, samples contain
much more hydrogen® (up to ~35 at.%).

This paper is organized as follows. In Sec. II we
present the experimental details. Section III—
experimental results—is divided into four parts dealing
with the electrical conductivity, band-gap and subgap ab-
sorption, photomodulation and finally the ESR results,
each with a short discussion. Section IV contains a gen-
eral discussion of the experimental results and the con-
clusions.

II. EXPERIMENT

The a-Si:H:P samples were prepared at the substrate
temperature 7, =50°C by rf glow-discharge decomposi-
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tion of the mixture of pure silane (SiH,) with 0.1% or 1%
admixture of phosphine (PH;). During the preparation
we used a SiH, flow rate of 30 sccm and maintained the
pressure at 0.2 mbar. The sample thickness was in the
range 2-5 ym.

The measurement of the electrical conductivity was
done for a-Si:H deposited on Corning 7059 glass sub-
strate in a coplanar contact arrangement with a 2-mm
distance of the coplanar contacts and typically 40 V ap-
plied voltage.

The same samples were used for the measurement of
the photoconductivity by the constant-photocurrent
method (CPM).!° In addition, the 2-mm gap distance
also allowed us to perform the photothermal-deflection-
spectroscopy (PDS) (Ref. 11) measurement on the same
samples in the area between the metal contacts. Anneal-
ing of these samples was done under He atmosphere typi-
cally up to 150°C, in some cases up to 250 °C.

Spin-resonance measurements were performed at 300
K (ESR) and 100 K (ESR and LESR) using a Bruker 300
X-band spectrometer with computerized averaging and
background subtraction. Magnetic-field modulation with
a frequency of 100 kHz was used and microwave power
levels were kept sufficiently low (100 uW at 100 K) to
avoid saturation effects. Samples were deposited on thin
Al foils and the Al substrate was dissolved in dilute HCI.
The obtained «-Si:H flakes were filtered, washed, and
dried, and then collected in annealed spin-free quartz
tubes. Typically 10-20 mg of a-Si:H were used for the
ESR measurements. Annealing of the samples was per-
formed in ambient atmosphere inside the tubes. For
LESR measurements the samples were illuminated inside
the ESR microwave cavity with white light from a
tungsten lamp or with homogeneously absorbed mono-
chromatic light from a Ti-sapphire laser, using an optical
fiber system. Spin densities were calibrated using the
phosphorus hyperfine lines in crystalline silicon with a
known carrier density as the primary standard.

For the steady-state photomodulation (PM) spectrosco-
py,'? an Ar™ laser (photon energy 2.4 eV, intensity 100
mW/cm?) was used as the steady-state pump. The probe
photon energy was scanned in the range 0.06-2 eV. Be-
tween 0.06 and 0.30 eV we used a Fourier-transform in-
frared spectrometer (Bomen model DA-3.01) and the PM
spectra were determined as the difference between the
spectra measured with the pump on and off. In the range
0.25-2 eV we used a grating monochromator. The pump
light was chopped at 75 Hz and the photoinduced change
of the transmission (A7) was measured. The system
spectral response function was accounted for by taking
the ratio AT /T.

It has been shown!? that in a-Si:H the relative changes
in reflectivity AR /R in our spectral range are small com-
pared to AT /T. In this case, AT/T=—-Aa/ap, where
Aa is the photoinduced change in the absorption
coefficient and «a, is the absorption coefficient of the
pump light. The spectral resolution was better than 50
meV (grating monochromator) and 5 meV (Fourier-
transform spectrometer). The value AT /T was in the
range 1075-1073. For PM studies, the a-Si:H films were
deposited on sapphire or crystalline Si substrates.
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III. EXPERIMENTAL RESULTS

A. Electrical conductivity

In Fig. 1 the temperature (7') dependences of the elec-
trical conductivity (o) of as-prepared (7,=50°C) and
step-by-step annealed 0.19% PH;-doped a-Si:H:P samples
are shown.

The conductivity was measured during a slow increase
of the temperature. When the specific annealing temper-
ature was reached, the sample stayed at this temperature
for 15 min and then was slowly cooled down, and the
conductivity was measured again.

From the slope of logo versus 1000/7T we can deduce
the measured activation energy (E,) and the prefactor
(o) defined by the equation

o(T)=opexp(—E,/kT) (1)

where k is the Boltzmann constant, E, is equal to the
difference between the Fermi level (E,) and the mobility
edge (E.) at T=0 K. To deduce E, —E at room tem-
perature (RT) from these data, we should know the tem-
perature shift of E, and E, and this presents a rather
complex problem. Very often 0,=200 Q 'cm ™! is as-
sumed (substantiated by theoretical reasons and some ex-
perimental results)”’ so that the difference (E,—E/) at
room temperature can also be directly calculated from
the value of the room-temperature conductivity (ogr).
We label this value E,o =E.(RT)—E/(RT).

In Fig. 2 results for og (measured at RT after anneal-
ing) and E,y, are plotted as a function of annealing tem-
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FIG. 1. Temperature dependence of electrical conductivity o
of 0.1% PH;-doped a-Si:H:P, prepared at T, =50°C, subjected
to step-by-step annealing. The sample was slowly heated to the
preselected annealing temperature (T, ), stayed at this tempera-
ture for 15 min, and then was again cooled to RT. During the
heating and cooling the conductivity was recorded. In the next
step the heating to the higher T, was performed.
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TABLE 1. a-Si:H:P transport data (V denotes virgin, A4
denotes annealed. See text).

PH,;/SiH, State g E, (eV) Eyy (V)

T, (Q ' em™Y) meas. calc.
0.1% } V 4 0.69 0.79
50°C A (150°C) 70 0.66 0.69
1% } vV 0.6 0.49 0.63
50°C A (150°C) 0.3 0.40 0.56
1% } V 10 0.19 0.26
250°C A (150°C) 14 0.19 0.24

perature (T 4). It is seen that there are no changes up to
about T, =80°C. The most dramatic changes (inflection
point) occur at about 130°C, which is near the equilibri-
um temperature for P-doped a-Si:H,'* both probably con-
trolled by H movement. The data for a 1% PH;-doped
T, =50°C a-Si:H:P sample have a similar character.

In Table I we have summarized the basic transport
data of T, =50°C samples (0.1% and 1% PH; doped) and
the same results for T, =250°C, 1% PH;-doped a-Si:H:P,
which are shown for comparison.

In device-quality a-Si:H the prefactor o, and E,
(changed, for example, by doping) are related by the so-
called Meyer-Neldel rule,'>!> which very roughly means
that with increasing E, also o increases. The Meyer-
Neldel (MN) rule can be explained by the Fermi-level
(E[) statistical shift in a realistic model for the density of
localized states.!® Comment on the recent, more general
explanation of the MN rule is in Sec. IV. The validity of
the MN rule, together with the fact that the optical and
the mobility gap'’ of a device-quality a-Si:H does not
change with the n-type doping, substantiates the usual as-
sumption that the electron mobility edge E, does not
move and the observed changes of E, are related predom-
inantly to the E shift.

From the comparison of T, =250°C and 50°C data for
1% PH;-doped a-Si:H:P in Table I it is seen that the de-
crease of T, from 250°-50°C leads to increase of E, but,
contrary to the Meyer-Neldel rule, to a strong decrease of
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FIG. 2. Room-temperature electrical conductivity (ort) and
activation energy E,y deduced on the basis of Fig. 1 as a func-
tion of temperature (T ) of 15-min annealing.
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o, The same “anti-Meyer-Neldel” tendency is seen also
for the effect of the 150 °C annealing of 0.1% PH;-doped
T,=50°C sample. This is a strong indication that the
transport path (E.) is moving and the procedure used in
device-quality samples (fixed E, and 0,=200 Q 'cm™}),
cannot be generally used.

B. Band-gap and subgap absorption

To obtain information about the total number of deep
defects we have used the same samples on which the elec-
trical conductivity was measured for the CPM (Refs. 10
and 18) and PDS measurements.

In Fig. 3 we show the spectral dependence of absor-
bance of a 1% PHj;, T, =50°C a-Si:H:P sample in the as-
prepared (virgin) state and after 150°C annealing. Addi-
tional 250°C annealing led to a small (about 30%) addi-
tional decrease of the subgap shoulder.

The PDS and CPM curves at the high-energy side
agree quite well. The origin of the small difference in the
shape of the subgap shoulder between CPM and PDS is
not clear at present. The density of defects estimated
from the CPM data agrees very well with the ESR data
(see below).

An interesting fact is that contrary to the low-T, un-
doped a-Si:H in which annealing dramatically reduces
the subgap absorption shoulder,' in our low-T, 1%
doped samples annealing decreases the shoulder only by a
factor of 2. The same is true also for 0.1% PH;-doped
low-T a-Si:H:P samples.

While the mobility gap is not easy to measure, another
important parameter, the optical gap (E,), can be de-
duced from the transmission data by a standard
procedure’®>—a plot of the spectral dependence of
(afiw)!’? vs #iw and its extrapolation to zero. Such results

100 . : T . ;
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~ . 4| CPM
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FIG. 3. Spectral dependence of the absorbance of 1% PHj;-
doped a-Si:H:P, prepared at T, =50°C, in the virgin (¥) and
150°C annealed ( 4) states deduced by CPM and PDS methods
(see text). Absorbance A4 =1-R-T, where R and T are
reflectivity and transmission.
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FIG. 4. Spectral dependences of (aiw)!’? of undoped a-Si:H
prepared at T; =250°C and differently doped a-Si:H:P samples,
prepared at 50°C, in the virgin (¥) and 240°C annealed (4)
states.

are shown in Fig. 4 for undoped a-Si:H (T, =250°C) and
differently doped a-Si:H:P (T;=50°C) virgin and an-
nealed samples.

Two important features are apparent. First, the opti-
cal gap of P-doped low-T samples is 0.1-0.2 eV higher
than the gap of device-quality (undoped or doped) a-Si:H.
Moreover, E, of low-T; a-Si:H:P samples is a function of
the P concentration; with increasing P concentration E,
increases. This indicates that P and H contents in low T
samples are correlated as suggested in Ref. 21.

The second interesting fact is that the E, of low-T| a-
Si:H:P samples changes with annealing. If the annealing
induced H evolution, the optical gap would decrease.
The observed opposite trend (an increase of E,) shows
that we can exclude the H evolution, and that therefore
the annealing-induced changes in E, are related to a sub-
stantial structural rearrangement.

C. Photomodulation spectra

We have obtained additional information about the
states in the gap by applying the steady-state PM spec-
troscopy. This technique has the unique capability of
determining defect energies in both the ground and excit-
ed states.??

In Figs. 5(a) and 6(a), we show the PM spectra of un-
doped a-Si:H and 0.1% PH;-doped a-Si:H:P deposited at
a substrate temperature 7, =250°C. In Fig. 7, on the
other hand, we show the PM spectrum of an aq-Si:H:P
film with the same PH,/SiH, doping ratio but deposited
at a low substrate temperature (7, =50°C), as well as the
spectra of the same film annealed at 150° and 250°C. In
Fig. 8, we show similar data obtained on a 1% PH;-
doped film deposited at T, =50°C.

It is meaningless to compare the absolute strengths of
the steady-state PM spectra of various samples or
differently treated samples because the strength of pho-
toinduced optical absorption depends on the recombina-
tion time, which is not known. Therefore, only relative
differences in the various parts of the spectra contain
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FIG. 5. (a) PM spectrum of undoped a-Si:H deposited at
T, =250°C, measured at 240 K. (b) Photoinduced absorption
(PA) and bleaching (PB) in undoped a-Si:H. The transitions
occur between a defect state and the conduction or valence
bands.

relevant information. We observe that the high-energy
parts of the virgin and annealed samples shown in Figs. 7
and 8 have the same spectral shapes. It is therefore use-
ful to scale the relative strength of both spectra so that
the high-energy parts overlap.

From inspection of the PM spectra we see that the
spectrum of the virgin sample in Figs. 7 and 8 resembles
more closely that of undoped a-Si:H [Fig. 5(a)] than that
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o
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FIG. 6. (a) PM spectrum of 0.19% PH;-doped a-Si:H:P depos-
ited at 250°C and measured at 80 K together with the illustra-
tion of PA and PB transitions (b).
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of the doped a-Si:H:P shown in Fig. 6(a). As seen in Figs.
7 and 8, annealing adds considerable optical strength to
the low-energy part of the virgin sample making it some-
what more similar to the a-Si:H:P spectrum in Fig. 6(a).

We will discuss a plausible origin of these rather strik-
ing differences and changes. Our interpretation is based
on a model of the PM spectra of undoped and doped a-
Si:H proposed by Vardeny et al.;? its somewhat modified
form used in this paper is described in Ref. 24.

The room-temperature PM spectrum of undoped a-
Si:H is ascribed to transitions associated with the ““intrin-
sic” db state'® D, which, in the dark, is in the neutral
state D?. Photogenerated electrons and holes are trapped
on D? and produce charged states D;” and D;". As seen
in Fig. 5(b), the changes in absorption are due to the re-
moval of electron transitions vb—D,” and D?—cb that
exist in the dark [photoinduced bleaching (PB)] and to
the transitions vb—D,;" and D,” —cb [photoinduced ab-
sorption (PA)]. The onset of the PM spectrum is the PA
transition (at 0.60 eV) followed by the PB transition (at
1.10 eV) as shown in Fig. 5(a). Since only one band is ob-
served we assumed that all energy levels are symmetrical
about midgap. Because E(PA)+E(PB)=1.70 eV=E,
(optical gap=1.75 eV), the lattice relaxation of charged
defects is very small*?> and we neglected it in Fig. 5(b). In
a-Si:H:P deposited at 250 °C [Fig. 6(a)] the defects in the
dark are Dy and P, which, after carrier trapping,

T T
(a) 0.1%PH4
80K

23\ Annealed
‘= at 150C A
=
o

|
S -
— Virgin
~ - -
]

|

0 - il "
0 0.5 1.0 1.5 2.0
v L] T T
(b) 0.1%PH3

o F Annealed 80K

£ at 240C

c

3 - -
el

—

o

4

[ Virgin
~ L 4
b

|

0 i —e A 1 A 1
0 0.5 1.0 15 2.0

Energy (eV)

FIG. 7. PM spectrum of 0.1% PH;-doped a-Si:H:P deposited
at 50°C in the virgin state and after annealing at 150°C (a) and
240°C (b).
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change to DY and P). PA transitions are P—cb (PA1)
and D3 —cb (PA2) while PB transitions are vb—P;
(PB1) and Dy —cb (PB2).24

In fact, the defect (db) and impurity energies are not
sharp levels as shown in Figs. 5(b) and 6(b) but energy
distributions. We have shown?* that the spectra in Figs.
5(a) and 6(a) can be fitted using Gaussian distributions for
the defect and an exponential conduction band tail that
contains the P, states.?> The pump light intensity in the
PM experiments is sufficiently high to produce quasi-
Fermi levels F, and F, which lie practically outside the
db defect distributions so that the conversion from one
charge state to another is complete.

In a-Si:H:P the quasi-Fermi level F, lies in the cb tail.
The states below F, are P and cb™ states. Because the
tail has an exponential density of states (DOS), the prod-
uct of the tail DOS function and the Fermi distribution
function peaks close to F,. This distribution moves only
a little with the illumination intensity because it is locat-
ed in a region of high DOS. Because we cannot distin-
guish in PM experiment the true Gaussian P, peak and
peaked occupied cb tail states and assume that in our
heavily doped a-Si:H:P the P, states prevail, we label
both these (P, and cb tail) states jointly as P]. The ener-
gy levels shown in Figs. 5(b) and 6(b) are the peaks of the
Gaussian-defect energy distributions and the quasi-Fermi
levels F, separating P§ and P;.
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FIG. 8. PM spectrum of 1% PHj-doped a-Si:H:P deposited
at 50°C in the virgin state and after annealing at 150°C (a) and
240°C (b).
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The adjustable parameters of the distributions (posi-
tions of the peaks, the width of the Gaussians, F,, and
the relative strength of the various transitions) are ob-
tained from optimizing a fit of the calculated spectrum
with the measured spectrum. Since the k vector is not
conserved, the absorption is calculated as proportional to
the energy-conserving convolution of the distribution of
the initial states with the distribution of the final states as
described in Refs. 23, 24, and 26. The density of states in
the band was assumed to be proportional to the square
root of energy. The fitting parameters for undoped a-
Si:H and 1% PH;-doped a-Si:H:P deposited at 250°C are
shown in Table II.

We used this technique for the determination of the de-
fect parameters and tail-distribution functions of a-Si:H:P
deposited at T, =50°C and of their changes produced by
annealing. The results are summarized in Table III. The
virgin spectrum can be fitted using transitions involving a
defect with properties similar to the db in undoped a-
Si:H. Transitions D°—cb and vb—~D™* produce PA,
transitions D°—cb and vb—D ~ produce PB. We again
assume a symmetrical energy distribution in the gap.
There are, however, quantitative differences. The defect
energies in low-T, virgin samples are deeper in the gap
compared to wundoped a-Si:H. Also, the sum
E(PA)+E(PB)=2.29 eV is larger than E, (1.88 eV), indi-
cating lattice relaxation effects.??

As we mentioned above, the shape of the high-energy
part of the PM spectrum of low T, samples does not
change with annealing. The difference spectrum shown
in Fig. 9(a) is apparently due to states generated by an-
nealing.

In a-Si:H:P deposited at 250°C we described the low-
energy part of the spectrum as a superposition of transi-
tions P{—cb (PA) and Dy —cb (PB). With these transi-
tions we fitted also the difference between the annealed
spectrum and the virgin spectrum [shown in Fig. 9(a)],
and obtained the distribution of the D~ and tail states
shown in Fig. 9(b); the parameters for different cases are
shown in Table III. The justification for this procedure is
the similarity of the high-energy parts of the PM spec-

TABLE II. Parameters obtained from the PM spectra of
device-quality a-Si:H, and 1% PHj;-doped a-Si:H:P prepared at
T,=250°C. Energies of gap states are explained in the text.
AE; and E, are the widths of the Gaussian and exponential tail
distributions. The position of the quasi-Fermi energy F, was
determined from fitting the spectra while the position of the
Fermi level E; was determined from the temperature depen-
dence of electrical conductivity.

Energy (eV) a-Si:H a-Si:H:P
E, 1.75 1.78
E.-E (D}) 1.10

E.-E (D) 0.60

E.-E (DY) 1.21
E.-E (D3 ) 0.95
AE, 0.21 0.23
E.-E; 0.19
E.-F, 0.15
E, 0.07
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trum (Figs. 7 and 8), which suggests that the distribution
of deeper states is not sensitive to annealing. However,
their strength can be arbitrarily different in annealed and
virgin samples; the PM spectrum only shows an increase
of the gap states closer to the cb relative to the states
deeper in the gap. The energies of D~ states in annealed
low-T, samples are about 0.1 eV deeper than Dy states in
a-Si:H:P deposited at 250 °C ; the cb tail widths are some-
what larger (Tables II and III).

To conclude this section, PM spectra of virgin low-T
a-Si:H:P samples can be described by a defect with prop-
erties similar to the D; dangling bond in undoped a-Si:H.
The observed changes produced by annealing are compa-
tible with the assumption that annealing produces defects
similar to P-related db in a-Si:H:P deposited at 250°C. In
both cases the similarity means the same combination of
photoinduced absorption and bleaching properties. How-
ever, the energies of these defects are different from those
in samples deposited at 250 °C (see Sec. IV).

D. Electron spin resonance

The experimental results presented so far are further
complemented by ESR and LESR measurements per-
formed at room temperature and at 7=100 K on sam-
ples that were deposited and annealed under the same
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FIG. 9. (a) Difference of the PM spectra (annealed minus vir-
gin) of low-T; 0.1% PH;-doped a-Si:H:P shown in Fig. 7. (b)
Additional gap states produced by annealing and the positions
of the Fermi (E ) and quasi-Fermi (F,) levels.
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TABLE III. Parameters of low-T; (T, =50°C) a-Si:H:P. Same notations as in Table II. 4 and V
denote annealing at 150° or 240°C and Virgin, respectively.

0.1% PH; 1% PH,

Energy (eV) 14 A150 A240 Vv A150 A240
E, 1.88 1.90 1.93 1.99 2.00 2.02
E.-E (D7) 0.69 1.05 1.06 0.56 1.04 1.05
E.-E (D% 1.6 1.45

AE, 0.32 0.22 0.22 0.27 0.31 0.32
E.-E, 0.69 0.66 0.65 0.49 0.40 0.40
E.-F, 0.21 0.21 0.21 0.18
E, 0.10 0.10 0.11 0.11

conditions as those employed for the transport and opti-
cal experiments. For the case of the sample doped with
0.1% PH;, ESR and LESR spectra (T=100 K) are
shown in Fig. 10. In the as-deposited, virgin state the
sample exhibits a strong ESR signal due to neutral dan-
gling bonds with a g value of g =2.0053. The right-hand

a-SiH
0.1%PH,

Ts =50°C

ESR SIGNAL ( arb.units )

g=2.0054

---- ESR
— LESA

MAGNETIC FIELD

FIG. 10. Electron-spin-resonance spectra of n-type a-Si:H
(T;,=50°C, 0.1 vol.% PH;) in the as-deposited state and after
annealing at 150°C and 250°C, respectively. Dashed curves
represent equilibrium ESR spectra, solid curves show the LESR
response at 7=100 K. Note the different scaling factors for the
spectra of annealed samples. The left-hand side of the figure
shows the central resonance around g ~2.0054 (dangling-bond
signal), whereas the right-hand side was obtained with an ex-
tended magnetic-field scale for the detection of ?°Si and 3'P
hyperfine structure.

side of Fig. 10 shows the same spectrum over a broader
magnetic-field scale. The ESR signal (dashed curve)
clearly exhibits a resolved hyperfine structure due to the
interaction of the dangling-bond electrons with 2°Si nu-
clei.?’” Upon illumination, the dangling-bond signal in the
as-prepared material persists without any significant
change. The broader magnetic-field scan, however, re-
veals an additional pair of hyperfine lines (solid curve)
with a splitting of =250 G ascribed to a hyperfine in-
teraction of un-ionized donors (P$) with the *'P nuclei.*
Annealing at 150° and 250 °C causes a significant decrease
of the dangling-bond-related ESR by almost two orders
of magnitude, without a change in g value (g =2.0054
after 150° and 250°C anneal). In contrast to this strong
decrease of the equilibrium ESR signal, the LESR signal
at g =2.0054 decreases only by a factor of =5. The an-
nealing behavior of the dangling-bond ESR and LESR
signals is also corroborated by the **Si hyperfine signal on
the right-hand side of Fig. 10: The ?°Si hyperfine struc-
ture disappears almost completely in the ESR response of
the annealed samples, but it can be partly recovered un-
der illumination (LESR). In contrast, the 3!P hyperfine
doublet appears more prominently in the equilibrium
ESR spectrum with increasing annealing temperature.
At the same time, the relative increase of this signal in
LESR is reduced from a factor of approximately 10 in the
virgin state to a change by less than 40% after annealing
at 250°C. Quantitative results for spin densities associat-
ed with the different defect states deduced from the spec-
tra in Fig. 10 are summarized in the upper part of Table
Iv.

If the doping level of the material deposited at low T
is increased to 1%, quite different ESR and LESR
responses are observed. In the as-prepared state, ESR
shows a much smaller dangling-bond-related ESR signal
and, at the same time, a much larger *'P hyperfine contri-
bution (dashed curves in the lower part of Fig. 11). When
the sample is illuminated at low temperatures, the db sig-
nal increases by about a factor of 4, while the line posi-
tion remains at the relatively low g value of 2.0051. The
3P hyperfine doublet increases by a factor of 2. The
main effect of annealing is an order-of-magnitude de-
crease of the equilibrium dangling-bond ESR signal,
whereas all other ESR and LESR spin densities exhibit
no significant variation (middle part of Table IV).

In order to provide a better visualization of the
annealing-induced changes in the LESR and ESR
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TABLE IV. ESR and LESR spin densities measured at 100 K (T; and T, are substrate and anneal-
ing temperatures, respectively, db denotes dangling bonds, cb denotes conduction-band tail electrons, hf

denotes *!P hyperfine states). See text.

PH,/SiH, T, (°C) T, (°C) ESR LESR ESR LESR ESR LESR
N,(db) (cm™3) N,(cb) (cm™?) N,(hf) (cm™3)

0.1% 50 1.8X 10" 1.8x10' 1.4x 10"
150 3.2X10Y7  4.3x107 6X10' 1.5%x10"

250 3.5X10'%  6.5%x10" 9x10'* 1.3x10V

1% 50 1X10"7  4.4x10" 1.5x10"7 3.0x10"
150 ~1X10'® 45%X10"7 =2X10'* 9x10'¢ 3.0x10"

250 ~1X10' 4.4X10"7 =~2X10'* 1.8x10"7  4.3x10"

1% 230 4X10'% 7x10"% 1.3x107 1.4x10"

responses of low-temperature-deposited a-Si:H, we have
summarized the spin-resonance results again in Fig. 12
for the two PH;-doping levels employed in the present
study.

For the purpose of comparison we have included in
Table IV (lower part) as well as in Fig. 11 the ESR and
LESR data for device-quality a-Si:H deposited at
T,=230°C with a doping level of 1% PH,. Device-
quality material shows almost no changes of the 3!P
hyperfine doublet upon low-temperature illumination,

a-Si:H,1%PH,!

3Mp HYPERFINE
LINE

CENTRAL LINE

o=

Ts = 50°C |

-

e

Mo’

ESR SIGNAL ( arb.units )

'
\
.
'
m
[72}
0

MAGNETIC FIELD

FIG. 11. Comparison of the ESR and LESR responses in n-
type a-Si:H doped with 1 vol.% PH; and deposited at a sub-
strate temperature of 50°C (lower part) and 230°C (upper part).
The measurement temperature was 100 K for all spectra. The
central line in the vicinity of g ~2 is shown on the left-hand
side, the high-field resonance of the 3!P hyperfine doublet on the
right-hand side of the figure.

and only a small increase of the central resonance line
near g =2. Note also that the g value of this central line
is at g =2.0044, a value usually ascribed to single elec-
trons trapped in localized conduction-band tail states.?®
It has also been suggested in the literature? that the line
at g=2.0044 is due to dangling-bond-like defects in
different microscopic environments. However, for the
present study, details of the intrinsic spin defects in a-
Si:H and their corresponding g values are not of direct
importance. It is only required that the defect levels as-
sociated with the g =2.0044 spin-resonance line have an
energy position close to the conduction-band tail, as op-
posed to the deep midgap levels with a g value of 2.0055.
Therefore, in this paper we use the assignment of the
g =2.0044 resonance to electrons trapped in conduction-
band tail states without further discussion.

There are two important conclusions that can be
drawn from our spin-resonance results concerning the
various electronic levels in n-type a-Si:H deposited at low

0.1%% PH3 , Ts = 50°C
10k 3:0s {a)
(T =100K)
= 108 R S o-db (LESR)
. hf (LESR)
I N &
S o 7 A>\<‘\hf (ESR)
[ / *db (ESR)
2 1018 , | | ! L
w 50 100 150 200 250
P-4
= 1% PH3,Tg=50°C
&’ 1019} 3.8 (b)
(T = 100K)
ok ,db(LESR)
& omrrInoQorrIoizzzzizh f (LESR)
1074 —— s ———"nf (ESR)
db(ESR)
1016 | T hd L hd
50 100 150 200 250

ANNEALING TEMPERATURE(°C)

FIG. 12. Dependence of the spin densities (7=100 K) in n-
type a-Si:H prepared at low substrate temperatures, 7, =50°C,
on the annealing temperature: (a) 0.1% PHj, (b) 1% PH;. ESR
data are represented by solid symbols and curves, LESR data by
open symbols and dashed curves, respectively. db and hf refer
to dangling bonds and 3!'P hyperfine resonances.
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substrate temperatures: (i) The equilibrium ESR spin
densities are very unreliable in determining the relative
densities of defect states and donor levels, and (ii) low-T
material after annealing at 250°C is still different from
material deposited at 250°C. This latter observation is
qualitatively in agreement with the conclusions drawn
from the transport and photomodulation experiments de-
scribed in the previous sections.

The strong discrepancy between ESR and LESR spin
densities in low-7, material compared to the small light-
induced ESR changes in device-quality n-type a-Si:H
prepared at 7, =230°C can only be explained if we in-
volve pronounced potential fluctuations in low-7 sam-
ples. This is shown schematically in Fig. 13. In device-
quality n-type a-Si:H, P, donor atoms and compensating
dangling bonds are homogeneously distributed
throughout the sample with [P, ]=[D ~]. There are rel-
atively small potential fluctuations due to the presence of
dopants, in particular if P; states and D ~ states are spa-
tially correlated as suggested by one of the present au-
thors.!® The dark ESR shows no dangling-bond signal
since the Fermi-level E, in the entire sample lies within
the conduction-band tail at E;~E_ —0.2 eV. The LESR
response is also small (=30% of the equilibrium spin
density) because of the short lifetime of photoexcited car-
riers.

(a) homogeneous

Ec

T - — D"

Ev

(b) inhomogeneous

[P.] <<[ab) [P.] 2 [db]

FIG. 13. Schematic diagram showing the differences between
homogeneous n-type a-Si:H obtained through deposition at
230°C (a), and in homogeneous material formed during low-
temperature deposition (b). E., Ep, and E) indicate the local
conduction-band mobility edge, the Fermi level in equilibrium,
and the valence-band mobility edge, respectively. D° and D~
denote neutral and negatively charged dangling-bond defects,
P;' stands for ionized phosphorus donor levels. See text for fur-
ther discussion.
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In contrast to this “normal” behavior, the lower part
of Fig. 13 illustrates how the large potential fluctuations
due to an inhomogeneous distribution of dangling bond
defects and/or dopant atoms can cause a completely
different situation in a@-Si:H deposited at low substrate
temperatures. Such an inhomogeneous distribution can
occur because low-T; material already possesses a very
high density of dangling-bond defects (~10'® cm™3) that
are related not to doping but to incomplete Si-bond ter-
mination during deposition. The main difference that is
important here is that the dangling bonds in n-type sam-
ples deposited at low substrate temperatures no longer
need to be correlated (spatially as well as in density) with
the dopant atoms. Therefore, we can have regions in the
samples with dangling-bond densities largely in excess of
the density of active dopants, but also other parts where
the dopant density is equal to or even larger than the
dangling-bond density. One result of this is that
effectively doped regions alternate with essentially intrin-
sic regions, as indicated in Fig. 13(b). These alternations
cause additional potential fluctuations and are also re-
sponsible for the different optical and transport proper-
ties of low-T; n-type a-Si:H compared to material depos-
ited at 230°C. In the case of equilibrium dark ESR, the
situation shown in Fig. 13(b) also explains why deep
dangling-bond defects and shallow Pg states can be ob-
served simultaneously in one sample. This would be im-
possible (and is not observed) in the homogeneous situa-
tion of Fig. 13(a).

However, there are also more subtle effects in low-T
n-type a-Si:H that are revealed by the LESR data sum-
marized in Fig. 12 and Table IV. One important observa-
tion is that the doping efficiency in low-7, material is
significantly higher than in device-quality material. This
is due to the fact that the high dangling-bond density in
defective regions pins the Fermi level near midgap and
increases the formation probability of active P, states. In
the doping model suggested by Street,” the increased dop-
ing efficiency in defective a-Si:H is explained via the com-
pensation of excess donor charge by the much larger
deep-defect density. If the background defect density is
low, as in device-quality material, dopant compensation
requires the formation of excess defect states. This is en-
ergetically unfavorable and decreases the doping
efficiency. If, as proposed in the context of Fig. 13, com-
pensating defects in low-T; a-Si:H are essentially spatially
separated from the active donor sites, the charge com-
pensation responsible for the increased doping efficiency
can be easily reversed by illumination at low tempera-
tures: photoexcited electrons are predominantly trapped
by P; states in low-defect regions, whereas photoexcited
holes are mainly captured by D~ defects in high-defect-
density regions. The result is a strong LESR response
similar to the one observed* in compensated a-Si:H. The
observed LESR spin densities due to P9 and D° states
then provide a lower limit for the overall density of active
donors and compensating defects in a given sample. A
quantitative test for the validity of this interpretation of
the LESR results is that in cases where the deep-defect
density is not dominated by doping-induced states, the
observed LESR spin density due to dangling bonds (i.e.
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background and doping induced) should be equal to or
larger than the spin density due to active dopants. This is
indeed observed (see open circles and open triangles in
Fig. 12).

A further observation is that the lower limit for the to-
tal dangling-bond defect density in the low-T, samples
studied here by LESR is fairly insensitive to annealing
(up to 250°C) and to changes in the doping level. The
maximum variation observed is approximately a factor of
4. On the other hand, experimental quantities that de-
pend on the averaged difference between shallow- and
deep-defect densities, such as the equilibrium ESR spin
densities, the dark conductivity, or the Fermi-level posi-
tion, show much larger variations with annealing temper-
ature and doping level. It is, therefore, probably mislead-
ing’ to base an analysis of the densities and energy posi-
tions of dopants and defects on such quantities, in partic-
ular if changes in deposition conditions or impurity
(dopants) incorporation are involved.

IV. DISCUSSION AND CONCLUSIONS

There is a basic controversy concerning the microscop-
ic origin of the P-related hf signal (shallow P versus deep
PY or “weak” PY). The recent papers®~® used the follow-
ing implicit assumptions. First, the P center in device-
quality (T,=250°C) and low-T,; samples is identical.
Second, the electron mobility edge (transport path—E,)
is fixed and only the Fermi level changes, and third, the
samples are homogeneous. We will illustrate that the
controversy is related to the fact that none of the above
assumptions is fully true.

From Table III and Fig. 14 (see below) it is seen that
the P state in low-T, a-Si:H:P appears to be about 0.1 eV
deeper (relative to E,) than in the device-quality a-Si:H:P.

Does it mean that P in low-T, samples is different? In
principle, a deeper P? state could be related with a H
atom sitting near the P atom.’° High H concentration,
which is moreover correlated with the P concentration
(see Sec. ITI B and Ref. 21), is typical for low-T, samples.’

Dx Dy P

0.1% P(:i)adopem A'AJ\ /\

Ts= 50°C

<

(b)
undoped a-Si:H

D!  Dilisolated

r—— e ————— ——— - ——— ]

= °
Ts(‘:SO ¢ D—(paired)-F
0.1% PH3 doped /‘\ j;\
() Oh Dv R

A\

Ec(shifted)

0.1% PH3doped . 1‘\
Ts=50°C Ey

FIG. 14. Schematic illustration of the energy positions of the
dominant defects obtained by the deconvolution of PM spectra
for different a-Si:H samples in the virgin (V) and annealed ( 4)
states.>* See text.
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Although we believe that the shift of E_ is an alternative
and more probable origin of the deeper P states in low-
T, samples (see below), the influence of H cannot be fully
excluded.

What can we say about E, when the substrate tempera-
ture decreases from 250° to 50°C? The behavior of the
activation energy (E,) and the prefactor o(, which is in
conflict with the Meyer-Neldel rule (see Sec. III A and
Table 1) is a strong indication that the macroscopic trans-
port path (E,) is shifted. Recently, very general explana-
tion of the Meyer-Neldel rule, based on the thermo-
dynamical arguments and not on the density of states,'¢
has been presented by Yelon, Movaghar, and Branz.*!
Within their model the above-mentioned anti-Meyer-
Neldel behavior, observed by us, is the sign of the change
of the activation process leading to the macroscopic
transport. This represents from another point of view
what we call “the shift of the transport path.”

The larger optical gap of low-T; samples indicates that
an upward shift of E_ is possible. Let us have a look at
the PM spectra of low-T; samples and their changes with
annealing. The data from Tables II and III are illustrated
graphically in Fig. 14. For the case of 0.1% PH;-doped
low-T; a-Si:H:P sample, the shapes of the PM spectra
and their detailed analyses have shown (see Sec. III C)
that in the virgin state the dominant deep defect is simi-
lar to the intrinsic (“isolated”)!® dangling bond in un-
doped device-quality a-Si:H [see Figs. 14(a) and 14(b)].
As is clearly seen from the CPM spectra in Fig. 3, anneal-
ing changes only slightly the total concentration of deep
defects, however, the change of the PM spectral shape in-
dicates that the energy positions of the dominant deep de-
fects change strongly (see Figs. 7 and 8). In analogy with
undoped low-T; a-Si:H (Ref. 19), the concentration of in-
trinsic db decreases by annealing and at the same time
the deeper defect (D) becomes dominant [see Fig.
14(a)]. The position of this deeper defect [D in Fig.
14(a)] is similar to the P-related db in P-doped device-
quality a-Si:H [see Figs. 6 and 14(c)].

When we compare the positions of the dominant states
in undoped and 0.1% PH;-doped T, =250 °C samples and
in the 0.1% PH;-doped T,=50°C sample, one notices
that, assuming E, is fixed [Figs. 14(a)-14(c)], all levels
(isolated db, P-related db, and P,) are about 0.1 eV deeper
in the T, =50°C sample. If we shift E, up by 0.1 eV [Fig.
14(d)] all levels in the different samples precisely coincide.
This is an indication that although a downward shift of
the valence-band edge (E,) is usually assumed® with in-
creasing H content (decreasing T), there is also an up-
ward shift of E, by about 0.1 eV.

We can summarize the above discussion concerning
the position of E, as follows. On the basis of the trans-
port data, it is clear that E, shifts when we change T
from 250°C to 50°C. Increasing optical gap and the
above PM results indicate at least a 0.1 eV upward shift
of E,.

Up to now we have assumed that the low-T, samples
are spatially homogeneous. When we admit that there
are potential fluctuations in these samples then the real
upward shift of the “transport path” can be 0.2-0.3 eV,
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that is, larger than AE,=0.1 eV estimated above from
the optical data.

Such shift of the transport path (AE,~0.2-0.3 eV) in
low-T,; samples would explain the basic disagreement—
the fact that the activation energy of the electrical con-
ductivity is E, =0.59 eV (Ref. 7) and the P, state is still
occupied.

There are two strong arguments supporting the ex-
istence of the potential fluctuations in low-7; samples.

First is the direct estimate of the magnitude of the po-
tential fluctuations from the combined thermopower (S)
and electrical conductivity (o) measurements®? from
which one can deduce the parameter Q =Ino +eS /k.
The activation energy E of this parameter is proportion-
al to the amplitude of potential fluctuations.

The results of these measurements®® for the 1% PH;-
doped, T,=50°C sample gave an activation energy
E,~0.3 eV in the virgin state which, after annealing, de-
creased to E;~0.22 eV. These results confirm the ex-
istence of quite strong potential fluctuations in low-T;
samples,*? which decrease but do not disappear with an-
nealing. E, of comparably doped high-T; samples is
E,=0.15 eV and for device-quality undoped a-Si:H
E,=0.05¢eV.

In device-quality a-Si:H:P the E is close to the cb edge
(E,=0.19 eV) and so the db signal is not observable, and
light-induced ESR is almost identical to dark ESR for the
hf line and a small increase is observed for cb tail elec-
trons (see Table IV).

Contrary to this, for the low-T sample in both the vir-
gin and annealed states a strong increase of the hf signal
with illumination (ESR—LESR) is observed; an even
larger relative increase is seen for the db signal (Table
Iv).

The natural explanation for this metastable charge
transfer (D~ +P;«<D%+P?) is that the photoexcited
carriers are spatially separated due to potential fluctua-
tions. A relatively long lifetime of the LESR signal is a
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consequence of this spatial carrier separation. These
ESR results represent the second argument for the ex-
istence of the potential fluctuations.

The potential fluctuations imply that there are regions
where E; is close to the E,. and regions where E/ is close
to the midgap. This naturally explains the surprising
coexistence of the db and hf signals in low-T samples.
We believe that a heterogeneous sample, in which regions
with cb electronlike and db-like dominant defects coexist,
has a stronger tendency toward sharp g-value conversion®
than a homogeneous one.

We can summarize the results as follows.

(1) Although we cannot exclude that the P, level is
broader than was originally assumed, mainly the temper-
ature dependence* and the doping-level dependence of
the dangling bond and P hyperfine signal leads us to the
conclusion that P hyperfine-related states must be shal-
low.

(2) The experiment facts, mainly the LESR and trans-
port data, support our conclusion that seemingly contro-
versial results, namely the appearance of hyperfine ESR
signal in P-doped low-T, samples with E, =0.5 eV can be
explained by the existence of potential fluctuations.

(3) We have documented that not only E, but also E,
can move when substrate temperature changes, so that
the real problem is the finding of a reliable energy refer-
ence point.

(4) We also note that a-Si:H:P (contrary to undoped a-
Si:H) deposited at T,=50°C even after annealing at
250°C is different from a-Si:H:P deposited at 7, =250°C.
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