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Changes in the gap states in undoped, phosphorus-, and boron-doped a-Si:H produced by light soak-
ing (LS), thermal quenching (Q), and annealing (A) are studied by photomodulation spectroscopy. First
a method for analyzing the photomodulation spectra is explained and applied to annealed samples. Then
the changes in the spectra produced by LS and Q are analyzed. It is shown that LS increases the density
of dangling bonds D; in undoped a-Si:H. In a-Si:H:P, LS increases the density of dangling bonds Dp rel-
ative to the density of P, states. The LS a-Si:H:P samples also exhibit, in addition to Dp defects, defects
with similar properties as D; defects in undoped a-Si:H. This is a strong support for the presence of
more than one kind of defect in a-Si:H:P. In a deposited boron-doped a-Si:H a region of photoinduced
transmission was observed that disappears with A, LS, or Q. This change is irreversible, and the spectra
of A, LS, or Q samples differ very little. The results are compared with the recent work on metastable

states based on different methods.

I. INTRODUCTION

It is well established that the electric and photoelectric
properties of undoped and doped a-Si:H can be changed
by thermal treatment or light soaking. These effects are
interpreted as evidence of the metastability of the states
in the gap. Changes in conductivity and photoconduc-
tivity of undoped and doped a-Si:H produced by light
soaking (LS) were observed by Staebler and Wronski.!
Due to its practical importance, this metastability has
been extensively studied and attributed to the deep defect
generation, mediated by hydrogen motion.! ~® Moreover,
light soaking allows easy reversible change of the density
of defects. The understanding of the nature and energy
levels of deep defects(s) is of basic scientific and techno-
logical importance.

Street et al.” found that rapid thermal quenching (Q)
of doped a-Si:H from temperatures close to the deposi-
tion temperature increases the density of the tail states
relative to the deep defects;> this effect is also reversible
by annealing (A). The LS and Q effects change the rela-
tive density of deep vs shallow states in opposite direc-
tions.

Many of the experimental results have been successful-
ly explained by a model proposed by Street, Zasch, and
Thomson.? In this model, the only deep defect is the sil-
icon dangling bond with a positive correlation energy. It
has three different charge states (D°, D, and D ™) with
different energy levels, which can be converted one into
another by changing the position of the Fermi level by
doping or illumination. There are, however, some experi-
mental results”!? that cannot be explained by this model.
That is the reason why the intimate pair model® ' for
doped a-Si:H or, later, a more general defect pool model'!
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have been introduced. Their common feature is that
there is more than one defect.

In undoped a-Si:H, the main defect has been associated
with the dangling bond; we will refer to it as the intrinsic
defect D;. This defect is neutral in the dark (D?), and
traps an electron or a hole upon illumination (D;” or
D;*). In phosphorus-doped samples a-Si:H:P) the main
deep defect is associated with phosphorus doping and we
refer to it as Dp. This defect is in the Dy state in the
dark, and becomes neutral D$ after trapping a photogen-
erated hole. Similarly, in boron-doped a-Si:H (a-
Si;:H:B), the defect in the dark is Dy which becomes
neutral (D$) after trapping a photogenerated electron;
the energies of D and D are the same (by definition) if
the lattice relaxation is negligible.

The photomodulation (PM) spectroscopy is a unique
and sensitive tool for the study of the energy levels of de-
fects that can exist in different charged states.> Changes
in the photomodulation spectra of a-Si:H:P produced by
LS were observed by Zhou'? as a shift of the peak of the
PM spectrum toward higher energy upon LS; however,
no detailed study has been done. A systematic study of
the effect of LS, Q, and A processes on the PM spectra of
a-Si:H, a-Si:H:P, and a-Si:H:B is the subject of this paper,
with the aim of determining the changes in the gap states
produced by these treatments.

II. EXPERIMENT

For this work, we used a steady-state photomodulation
setup with an Ar™ laser as the pump (photon energy 2.4
eV, intensity 100 mW/cm?). The probe photon energy
was in the range 0.06-2 eV. In the range 0.06-0.30 eV,
we used a Fourier-transform infrared spectrophotometer
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(Bomen model DA-3.01); the PM spectra were deter-
mined as the difference of the spectra measured with the
pump on and off. In the range of 0.25-2 eV, we used a
grating monochromator; the pump was chopped at 75
Hz. We measured photoinduced changes in transmission
AT. The system’s spectral response function was can-
celed 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 compared to AT /T. In this
case, —AT /T is equal to the relative change in the ab-
sorption coefficient Aa/a, (provided the sample thick-
ness d is larger than the pump absorption length a, h.
The spectral resolution was better than 50 (grating mono-
chromator) and 5 meV (Fourier-transform spectrometer).
The value of —AT /T was in the range 10 °-1073.

The samples were prepared by glow discharge (at 13
MHz) decomposition of pure saline (Si:H,) to which the
doping gases (PH; or B,H¢) were added. The PH;-to-
SiH, ratio was 10~ % 1073, and 10™% the B,Hq-to-SiH,
ratio was 1073, The substrates (sapphire and single-
crystal Si) were heated to 250°C, the optimum tempera-
ture for the preparation of high-quality a- Si:H. The typ-
ical values of flow rate of SiH, and pressure are 30 scm
and 0.2 mbar. Thick boron-doped samples had a tenden-
cy to peel off more easily than other samples.

LS was produced by a pulsed Nd:YAG (yttrium-
aluminum-garnet) laser. Photon energy was 2.34 eV,
pulse duration was 10 nsec, the pulse intensity was
2X10* W/cm?, and the repetition rate was 20 Hz (the
average power was 4 mW/cm?). The exposure time
varied from 1 to 4 h. This LS is heavier than in most ex-
periments in which LS is produced by a continuous expo-
sure. Stutzmann, Biegelsen, and Tsai!>!® have shown
that the density of defect states generated by LS in a-Si:H
is proportional to I3/%t}/3, where I is the intensity of the
LS beam and ¢; is the time of exposure. It follows that
increasing the power is much more efficient than increas-
ing the time of exposure. A continuous exposure intensi-
ty equivalent to our pulsed exposure would be about 10
W/cm?. This is to be compared with the pump average
intensity of the order of 100 mW/cm? used in cw LS.
During the measurements (which lasted up to 45 min) we
did not observe light-induced changes in the samples.

For the thermal treatments, the sample was placed in a
furnace at 200 °C for 2 h in the air, and then either slowly
cooled (cooling rate was about 0.2 K/sec) (annealing A)
or the substrate was rapidly cooled by flowing cold water
(cooling rate was about 50 K/sec) (thermal quenching Q).

II1I. PM SPECTRUM OF ANNEALED SAMPLES

Before we deal with the changes in the PM spectra pro-
duced by LS and Q we will discuss the PM spectra of an-
nealed samples which are shown in Figs. 1(a)—1(c). We
measured these spectra on our samples and found that
they are similar to those reported previously by Vardeny
et al.'” We use here the model proposed in Ref. 17,
which we partly modify and further develop.

The PM spectrum of undoped a-Si:H measured at 240
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K [Fig. 1(a)] is ascribed to a superposition of pump-
induced transitions producing increased absorption (PA)
and transitions eliminated by the pump producing
bleaching (PB). These transitions are schematically
shown in the inset in Fig. 1(a). Absorption in the dark is
due to transitions from the neutral dangling-bond state
D into the conduction band (CB), and also the transi-
tions from the valence band (VB) into D; because of the
positive electron correlation energy, the final state D, is
at a higher energy than D?. Therefore, we refer to this
transition as VB—D,”. These transitions are eliminated
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FIG. 1. PM spectra of annealed samples. The energy levels
used for interpreting the spectra are shown in the insets. The
transitions are indicated both in the insets and on the spectra, as
explained in the text.
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(PB) when the carriers generated by the pump change the
D) defect to D;” or D;* (by definition, D;" in the absence
of lattice relaxation has the same energy as D?). These
charged states generate new transitions VB—D," and
D;”—CB, which produce increased absorption (PA).
Since only one PM band is observed, one assumes that all
transitions are symmetrical about the midgap.!” The de-
fect states have a distribution about the peak energy
which we refer to as the “defect energy’’; because of the
distributions, the onset energies differ from the defect en-
ergies. '8

The PM spectra of a-Si:H:P [Fig. 1(b)] involve the
dangling-bond D (which is in the D state in the dark)
but also the band-tail (BT) states!® which contain the im-
purity P, states; we label them jointly as P,. The onset of
the PM spectrum is transition P}—CB (PA1), followed
by a decrease of absorption due to the bleaching of the
Dp —CB transition (PB2). The high-energy PM band is
produced” by the D3 — CB (PA2) transition followed by
the bleaching of the VB— P/ transition (PB1).

The onset of the PM spectra of a-Si:H:B [Fig. 1(c)] is
the VB— B transition (PA1) followed by the D3 —CB
transition (PA2). There are two PB transitions, the
VB—Dj{ transition (PB2) followed by the B, —CB
(PB1) transition (PB2 was not resolved in the data of Ref.
17). The spectrum of a-Si:H:B has broad features and
therefore its analysis gives much less information than
the analysis of the PM spectra of a-Si:H and a-Si:H:P.

For a more detailed analysis of the PM spectra, we
have to take into account that the electronic states shown
schematically in Fig. 1 have distributions. The distribu-
tions of the dangling bonds were assumed to be Gaussian.
For the “intrinsic”” D-states (in ¢-Si:H),

g.(E)= A;exp|—(E—E,)?*/(AEp)*] . (1

For the P- and B-doped samples, the density of states
(DOS) is gp(E) and gg( E), given by Eq. (1) but replacing i
by P or B, respectively. The DOS distributions of the
neutral and the corresponding charged state were as-
sumed to be the same.

The band-tail (BT) state distributions are assumed to
be exponential.21 We write, for the CB tail,

gi(E)=B_.exp[—(E,—E)/Eg] . ()

The equation is the same for the VB BT (replacing index
cbyv).

The PM spectrum is produced by the electron redistri-
bution over the gap states generated by the pump. In the
dark, the Fermi distribution a-Si:H has the Fermi energy
E; in the middle of the gap; in a a-Si:H:P (a-Si:H:B), Ep
is in the CB (VB) band tail. Under illumination, the elec-
tron distribution is determined by the statistics developed
by Simmons and Taylor;?? one has to take into account
the correlation energies of the dangling bonds as dis-
cussed by Adler and Yoffa.?® The characteristic parame-
ters are the quasi-Fermi levels of electrons (F, ) and holes
(F,) defined in Ref. 22. In annealed samples, in the range
of illumination levels used in this work, there is no depen-
dence of the shape of the PM spectra associated with de-
fects on the illumination level. This means that the
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quasi-Fermi levels (which depend on the illumination lev-
el) F, and F), are outside the defect state distributions. II-
lumination changes the charge state of the dangling
bond. For example, in a-Si:H, all D,-0 states are
transformed into D, and D;" states (illumination is
strong enough to produce saturation of the defect states).

In doped samples, we must consider the changes in the
occupation of the BT states. In the P-doped sample, the
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FIG. 2. Density of states in the gap as determined from the
PM spectra of annealed undoped and doped a-Si:H [(a), (b), and
(c)] and LS a-Si:H:P [(d)]. The relative intensities of the various
bands are arbitrary.
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DOS distribution of this change is

An (E)=g (E)[f(E,F,)—f(E,E/)], (3a)
where

f(E,Ef)={exp[(E—Ef)/kT]+1}_1 , (3b)

f(E,F,)={exp[(E—F,)/kT]+1} ! (3c)

(and similarly for the VB tail in boron-doped samples).
Equation (3c) is only an approximation,?? valid in doped
(extrinsic) samples.

In a a-Si:H:P, the quasi-Fermi level F, lies above Ej.
The transitions from states between F, and Ej into the
CB produce PA. Its onset is approximately at E. —F,;
we used it for determining E,—F,. F, depends on the
pump intensity and temperature. The dependence of
E,—F, on the pump intensity is logarithmic in carrier
density, which is a sublinear function of the pump inten-
sity; it is not surprising that we could hardly detect it
when we changed the pump intensity by about one order
(which was the experimentally feasible range). However,
the dependence of E, —F, on temperature was clearly ob-
served [see Fig. 3(a)]; it has the expected trend.

In the dark, there are transitions from the VB into the
states between F, and Ep, which are eliminated by il-
lumination; they produce PB at the high-energy end of
the PM spectrum. Its onset is at Ez —E,, but the DOS at
Ep is low and the determination of Er —E, is inaccurate.
Therefore, we obtained E from measuring the activation
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energy E,=E.—E of electrical conductivity. Analo-
gous considerations apply to a-Si:H:B . The Fermi and
quasi-Fermi energies are listed in Table I.

In the fitting procedure, we assume that the matrix ele-
ments of the various contributions to Aa are constant
(within the band of each contribution). Then, Aa for
each contribution is proportional to the energy-
conserving convolution of the changes in the densities of
initial and final states. The procedure is described in Ref.
24.

The adjustable parameters used for fitting the spectra
are

a-Si:H: E(D?) ,E(D;),AEp,
a-Si:H:P: E(DY),E(Dy),AE, ,E§ ,E,-F, ,
a-Si:H:B: E(DY}),AEy,E,F,-E, .

The values for optimum fits are given in Tables I and II.
In addition to the above parameters, the various contri-
butions to the Aa spectrum have different strengths asso-
ciated with different matrix elements and different abso-
lute values of the densities [constants 4 and B in Egs. (1)
and (2)]. From fitting the spectra, we can only determine
the relative strengths, for example the strength of
D™ —CB (PA) vs VB—D~ (PB). These relative
strengths are given in Table I. As seen in Fig. 5, the fits
obtained with this procedure are very good.

The result of this analysis is the determination of the
distribution of states in the gap shown in Figs. 2(a)-2(c).

TABLE 1. Properties of P- and B-doped samples (T=80 K). In the first column, the doping levels (PH;/SiH, or B,H¢/SiH,) in
the gas are listed. Energies are in eV. G(P,)/G(Dj) is the ratio of the density of P, states relative that of Dp states, obtained from
the ratio of the spectral strengths assuming that the matrix elements of transitions involving P, states and Dp states are the same.
This is certainly not the case. However, it seems plausible to assume that these matrix elements do not change with Q and LS. In
this case, the observed changes in G(P,)/G(Dp) produced by Q and LS [with respect to G(P,)/G(D5p) in the A sample] are the
changes in the density ratio G(P,)/G(Dp) produced by these treatments. Analogous considerations apply to the boron doped sam-
ple. The AG(D;)/G(Dp) column gives the ratio of the spectral strength of the D; states in a-Si:H:P generated by LS to the spectral
strength of the Dy states in the LS sample. We refer to Sec. V for a discussion of D; defects in a-Si:H:P.

Sample Status E.-Ep E.-F, Eq-E, F,-E, E, G(P,)/G(Dp) AG(D;)/G(Dp) G(B,)/G(Dg)
a-Si:H:P
0.01 at. % A 0.24 0.17 0.06 24 0
Q 0.24 0.16 0.06 27 0
LS(1 h) 0.62 0.19 0.06 23 61
0.1 at. % A 0.24 0.15 0.07 11 0
Q 0.24 0.15 0.07 12 0
LS(1 h) 0.60 0.16 0.07 6.9 23
LS(2 h) 0.61 0.16 0.07 4.8 54
LS4 h) 0.62 0.17 0.07 4.8 109
1.0 at. % A 0.28 0.14 0.08 3.7 0
Q 0.27 0.15 0.08 3.7 0
LS(1 h) 0.45 0.18 0.08 3.9 0
a-Si:H:B
0.1 at. % A 0.33 0.21 0.11 4.4
Q 0.34 0.22 0.11 4.5
LS(2.5 h) 0.36 0.23 0.11 4.1
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TABLE II. Defect energies. Energies (in eV) of the D states measured from the bottom of the con-
duction band E_. Energy gap E, =1.78 eV for undoped samples, 1.82 eV for doped samples.

Sample E(DP) E(D;7) E(DY) E(Dyp) E(D%) AE),
a-Si:-H 1.10 0.60 0.21
a-Si:H:P 1.21 0.95 0.23
a-Si:H:B 0.54 0.18

The energies and the widths of the DOS distributions are
the actual values; the relative strengths are arbitrary.

The dependence of the PM spectra of a-Si:H:P on tem-
perature and doping level is shown in Fig. 3. The tem-
perature dependence of the shape of the spectrum of the
heavily doped sample (1 at. % [PH;]/[SiH,]) is small,
but the onset changes are significant [inset in Fig. 3(a)];
the origin of the observed shift is discussed above. Dop-
ing produces some changes in the shape of the PM spec-
trum when it is heavy [Fig. 3(b)] (a deeper drop in the
middle which corresponds to stronger PB produced by a
relatively larger density of dangling bonds).

In Fig. 4, we plot the dependence of the ratio of the
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FIG. 3. (a) PM spectra of annealed a-SiH:P

([PH;]/[SiH,]=1 at. %) measured at different temperatures for
the same pump intensity. The inset shows the temperature
dependence of the onset. (b) PM spectra of a-Si:H:P measured at
80 K for different doping levels.

density of P, states to that of Dp states as a function of
the doping level; this plot was obtained from Table I, as-
suming that the matrix elements do not change with dop-
ing. Figure 4 shows that this ratio which is related to the
“doping efficiency” decreases with the doping level.

IV. CHANGES IN THE PM SPECTRA
PRODUCED BY LS AND Q

LS and Q produce changes in the PM spectra as seen in
Fig. 5, both in the strength and shape. The changes in
the strength of various transitions cannot be associated
directly with the changes of the densities of correspond-
ing states in the gap, even if we assume that the matrix
elements do not change with these treatments. The
reason is that we are dealing with steady-state photoin-
duced spectra, which are proportional to the steady-state
photocarrier densities. Therefore their strength (mea-
sured with the same pump intensity) depends on the
recombination process, which is related to the changes in
the state density in a complex and unknown way. Conse-
quently, changes in the spectral shape are much easier to
interpret. Assuming that the matrix elements are the
same as in the annealed sample, we can obtain from the
PM spectra the relative change in the densities in the gap
produced by LS and Q, provided we take into proper ac-
count the shifts of the Fermi and quasi-Fermi levels.
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FIG. 4. Dependence of the ratio of the P, density vs Dp den-
sity in the dark on the doping level. The ratio is in arbitrary
units, however its dependence on doping is correct if we assume
that the matrix elements do to change with doping. The same
consideration applies also to the doping-level dependence of the
density of D; vs Dp in LS samples (the LS exposure time was 1
h).
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In this section, we will present and analyze the LS and
Q results obtained for a-Si:H, a-Si:H:P, and a-Si:H:B.

A. Undoped a-Si:H

As seen in Fig. 5(a), LS produces a small shift of the
PM band and an increase in its strength. Assuming that
the matrix elements do not change, the strength change is
due to the combined effect of the defect density increase
(increasing the strength) and the change of the recom-
bination time (decreasing with the increased defect densi-
ty). Apparently, in this case, the defect density increase
prevails over the recombination time decrease in deter-
mining the strength of the PM band. Both the increased
density of the D states and shorter recombination time
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FIG. 5. Comparison of the PM spectra of annealed (¢ =0)
and LS samples. The solid curves passing through the measured
curves are fits explained in the text.
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push the quasi-Fermi levels F, and F, away from the
band edges. This shift leads to the narrowing of the PM
band width, in agreement-with the data [Fig. 5(a)].

B. Phosphorus-doped a-Si:H

As seen in Fig. 5(b), LS produces strong changes in the
PM spectrum of a-Si:H:P.”> As the LS exposure in-
creases, more and more of the oscillator strength is shift-
ed from the low-energy end to the middle of the spec-
trum. To analyze the spectrum of LS a-Si:H:P, we tried
the same procedure described in the preceding section for
annealed a-Si:H:P (using tail states and Dp defects).
However, we were not able to obtain a reasonable fit. Ob-
viously, the spectra of LS samples indicate [Fig. 5(b)] that
some additional strength has to be added in the middle
range, that is in the region of the PM bands in undoped
a-Si:H that are associated with the D; defects. After add-
ing D; effects with Gaussian distributions, using the peak
energies and widths given in Table II in the fitting pro-
cedure, we have obtained an excellent fit to the measured
spectra of the LS samples. The relative strength of these
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FIG. 6. (a) P, and D; densities vs Dy density as a function of
LS exposure time ?;. Similar comments apply as for Fig. 4. (b)
Positions of the Fermi level and quasi-Fermi level (for constant
illumination) as a function of LS exposure time. The curve
determined from the temperature dependence of electrical con-
ductivity is not distinguishable from the curves calculated from
the data in (a), using Eq. (6) whether we assume that AG(D;) is

constant or increases as t;”>.
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D; defects vs Dp defects was an adjustable parameter and
is given in Table I in the AG(D;)/G(Dp) column. The
D; defects in a-Si:H:P are discussed in more detail in Sec.
V. Another adjustable parameter was the relative
strength of the P, (band-tail) states vs the strength of Dy
[column G(P,)/G(Dp) in Table I]. In this table, we also
give the positions of the Fermi-level E (determined from
conductivity measurements) and quasi-Fermi level F,
(determined from the onset of the PM spectra) for the
doping levels [PH;]/[SiH,]=0.01 at. %, 0.1 at. %, and 1
at. %.

The distribution of the gap states in LS a-Si:H:P is
shown in Fig. 2(d). In Fig. 6(a), we show (for the doping
level of 0.1 at. %) the ratio of G(P,)/G (D) as a function
of the LS exposure time. We note that LS first increases
the density of Dp defects relative to the P, states, but the
process eventually saturates. In this figure, we also plot
the density AG(D;) of the intrinsic defect D; generated
by LS relative to the density of Dp. We note that it
linearly increases with the LS exposure. In Fig. 6(b), we
show the changes of E; and F, with the exposure time.
The Fermi level goes deeper into the gap with LS expo-
sure, but reaches a saturation. The position of the quasi-
Fermi level (measured at the same pump intensity)
changes only slightly because it is in a region of high BT
state density [Figs. 2(b), 2(d)].

In Fig. 7, the PM spectra of ¢-Si:H:P, after 1- and 2- h
LS exposure times for the doping levels of 1 at. % and
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FIG. 7. PM spectra of a-Si:H:P with different doping levels (1
at. % and 0.01 at. %) in the annealed state (¢ =0) and after LS
exposure of 1 and 2 h (constant pump intensity level).
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0.01 at. % are shown. We note that the changes pro-
duced by LS are much stronger in the less doped sample.
The generation of “intrinsic” defects D; decreases with
increasing doping level, as seen in Fig. 4. The ratio of
AG(D;)/G(Dyp), determined for the same exposure time
(1 h) decreased to almost zero when the doping level
changed from 0.01 at. % to 1 at. %.

The thermal quenching (Q) data are shown in Fig. 8 for
various doping levels (data on A and LS samples are also
plotted for comparison). The PM spectra of the most
lightly and most heavily doped samples are hardly
different in the A and Q states; in the sample doped at 0.1
at. %, the quenching significantly increased the strength,
but the spectral shape is similar as in the annealed sam-

4.4 T T T T T T —T
@)
Q 0.01%PH 3
80K
g9 2
P
o
-
0
0 0.4 0.8 1.2 1.6 2.0
S
g
o=
o
-

0 0.4 0.8 1.2 1.6 2.0
Energy (eV)

FIG. 8. PM spectra of annealed, quenched and LS (exposure
time of 1 h) samples of a-Si:H:P with different doping levels.
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ple. The fitting revealed some changes produced by the
thermal quenching process; the fitting parameters are list-
ed in Table I. Generally, one observes an increase in the
ratio of G(P,)/G(Dp) states, which is larger when the
doping level is smaller.

C. Boron-doped a-Si:H

The PM spectra of a-Si:H:B are little changed by LS,
as seen in Fig. 5(c). Also, Q does not change the PM
spectrum (Fig. 9). We may speculate that the density of
defects is very high in the dark and is relatively little
effected by LS or Q (in the same sense that heavily doped
a-Si:H:P is rather insensitive to these treatments).

We have observed a remarkable effect in ‘“‘as-
deposited” samples before they were exposed to LS or Q.
The spectrum of this “virgin” sample (V) is shown in Fig.
9. At the high-energy end, we note photoinduced bleach-
ing (AT is positive in this region). We consider this ob-
servation as a support for our interpretation of the spec-
tra.?® In our model, it is the B; —CB transition [Fig.
1(c)] which is bleached by the pump. In most materials,
these bleaching transitions involving defect D and the
more distant band are not strong enough to prevail over
the PA transitions and produce only a decrease of —AT
without crossing the zero. At still higher energies, we ob-
serve increased absorption (PA) produced by the thermal
shift of the absorption edge E,. Therefore, normally
—AT does not cross the zero, but apparently virgin a-
Si:H:B is an exception. The PM spectra of an annealed,
quenched, or LS sample no longer shows this bleaching
region (Fig. 9). The fitting parameters for the A, Q, and
LS samples are listed in Table I.

V. D; DEFECTS IN LS a-Si:H:P

The conclusion that in LS a-Si:H:P there are D states
in the dark below the Fermi level E; may be confusing.
However, the existence of such states follows from the
presence of a positive correlation energy. Adler and

a-SiHB v
I 0.1%B2He
80K
-1 4 i 1 1 1 1
0 0.4 0.8 1.2 16 2.0
Energy(eV)

FIG. 9. PM spectra of virgin (as-deposited) (V), annealed (A),
and quenched (Q) ¢-Si:H:B.
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Yoffa?® show that the full conversion of D? into D;”
occurs when the Fermi level E is above the D;” distribu-
tion; as long as E is inside the D;” distribution, there are
some D? states in thermal equilibrium state. In LS a-
Si:H:P, E is indeed deep inside the D, distribution, as
seen in Fig. 2(d).

In Fig. 2(b), we see that in annealed a-Si:H:P, E is
above the D;” distribution [this distribution is shown in
Figs. 2(a) and 2(d)]. Therefore, in A a-Si:H:P, the D; de-
fects are in the D, state in the dark; their distribution
overlaps with that of Dp and the D, ’s only broaden the
distribution of Dy . Consequently, it may not be possible
to distinguish between Dp and D;” defects. These D; de-
fects can become observable only when the Fermi level is
moved toward midgap.

We will now discuss how the density AG(D;) of the D;
states in LS a-Si:H:P, as shown in Table I and Fig. 6(a), is
defined, and how it was determined from the PM spectra.
We shall first discuss how the spectrum depends on the
position of the Fermi level Ep.

Let us start with Ey inside the D? band, and assume
that the temperature is zero. The density of electrons in
D states is

E
n(DO=G(D,) [ " go(E)E , (@)

where G(D;) is the total density of D; defects and
go(E) is a normalized Gaussian distribution
[f+wg0(E)dE=1] centered at E(D?). There are no
electrons in D;” states. When E is in the gap between
the D? and D, distributions, then n(D?)=G(D,). This
is the situation described in Sec. III for undoped a-Si:H.

When E; enters into the D;” band, the electron densi-
ties are given by the equations

E
n(D;7)=2G(D,) [ ' g(E)ME , (5a)
n(DY)=G(D;)—in(D;) . (5b)

Function g (E) is the same Gaussian as gy(E) in Eq. (4),
but centered at E(D; ).

It follows from the discussion in Sec. III that electrons
in D? and D;” states produce contributions to the PM
spectra with opposite signs. We see in Fig. 1 that if the
sample in the dark has D states, upon illuminations
transitions D?— CB are bleached (PB) and transitions
D;”— CB are generated (PA). But if the sample in the
dark has D, states, transitions D;” —CB are bleached
and transitions D?—CB are generated. Therefore, when
we have both D? and D, states in the dark, it follows
from Egs. (5) that the PM signal is proportional to

E
AG(D,)=n(D?)—1n(D; )=G(D,) [1—2ffg(E)dE] .

(6)

The factor 1 in the above equation is due to the fact that
only one electron of the doubly occupied D;” states can
make the transition D;” —CB.

Equation (6) is only an approximation for describing
the PM spectrum of D;. The above-mentioned rule that



2058

the contribution of the D? and D, states has opposite
sign leads to exact cancellations only for sharp energy
levels. For distributions, changes in the position of Ey
produce changes not only in the total electron density but
also in the shape of the occupied D;” band. For example,
if Ep is in the middle of the D;” band, Eq. (6) gives zero
PM signal (AG =0), which is exactly true for sharp ener-
gy levels. For distributions, it is only an approximation.
Another approximation is taking the electron occupation
(T=0 K situation) instead of the exact occupation func-
tion at 7=280 K (which in this case is different from the
simple Fermi distribution function??). We checked that a
simple kT smearing at 80 K of the step function does not
produce a detectable difference in the fitting.

From the fitting of the data, we have determined
AG(D;)/G(Dp), which is shown in Table I and Fig. 6(a).
We see that AG(D;)/G(Dp) increases linearly with LS
exposure time ¢;. If we want to obtain information about
the generation of D; states by LS, we first have to know
the dependence of G(Dp) on ¢;. According to
Stutzmann, Biegelsen, and Tsai,'>!® G(Dp)~t}/?. Since
AG(D;)/G(Dp)~t; [Fig. 6(a)), AG(D;)~t}". This LS
time dependence can be produced by the LS time depen-
dence of both G(D;) and the integral in Eq. (6) (that is, by
the dependence of E on ¢;). Let us consider two cases:
(i) G(D;) increases with LS in the same way as G(Dp)
(~t}7®); (i) G(D;) does not depend on LS [it is the same
as in the annealed sample and the observed dependence
of AG(D;) on t; is due to the shift of the Fermi level]. In
the first case, the parenthesis in Eq. (6) is proportional to
t;; in the second case, it is proportional to ¢;}/>. We cal-
culate the dependence of E. on t; for both cases from
Eq. (6), using the measured position of E in the annealed
sample (z; =0). The result is shown in Fig. 6(b), and com-
pared with E, in LS samples measured from the tempera-
ture dependence of electrical conductivity. We see that
the fit is good for both assumptions (i) and (ii), and we
cannot distinguish between them on the basis of our data.
The basic agreement between Ep calculated from the
spectra and E determined from electrical conductivity
gives a strong support to the model, although in view of
the approximations made in the calculations and fittings
the high accuracy of agreement is likely to be accidental.

VI. DISCUSSION AND CONCLUSIONS

The energy levels and the origin of deep defects in a-
Si:H has been a long lasting matter of controversy.!%?’
The basic problem has been the different D~ energies in
undoped and P-doped a-Si:H, which has led to the model
of intimate pairs,” and later to a more general defect pool
model.!! The attempt to use light phosphorus doping to
observe the transition from isolated D, to the paired Dp
state has failed?® because the D, state in undoped a-Si:H
is unoccupied and D? overlaps with Dy . The recent field
effect experiments?® lend support to the defect pool mod-
el; however, there is an uncertainty related to the fact
that the field effect is strongly sensitive to the surface
states.

The basic idea of both the intimate pair and defect pool
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models is that there are at least two different defects in
a-Si:H. From this point of view, it is very important that
by the PM spectroscopy, which is clearly bulk controlled,
we observe two defects (D;” and Dp ) on one sample
(lightly P-doped a-Si:H), the state of which is controlled
by the light soaking.

There is a question about how much credibility one can
give to the results obtained by spectra fitting. We note
that the main features are already observed in the raw
spectra. For example, any analysis of the PM spectra of
LS a-Si:H:P has to include some states in the middle of
the spectral range to explain the features seen in Fig. 5(b).
This is the origin of our main argument about the D; de-
fects generated (or revealed) by LS, which we cast into a
more quantitative form by making assumptions about the
gap-state distributions.

Banerjee et al.’® observed in a-Si:H:P a state in the
same energy range as our D, state, using isothermal ca-
pacitance transient spectroscopy (ICTS). They call this
an “isolated” dangling bond. This defect was seen in the
rested sample, but its strength increased with LS. It was
negatively charged in the dark. It may be the same defect
as our D,. If Ej is inside the distribution of D,”, both D?
and D;” states should be present, and the method used in
Ref. 30 detected the D, states.

A study of the light soaking of the similarly P-doped
a-Si:H has been recently performed by Stitzl, Kotz, and
Muller.’! They studied the changes of the electrical con-
ductivity and the density of the deep defects, the total
concentration of which was determined by photo-
deflection spectroscopy (PDS). The observed conductivi-
ty changes produced by light soaking (or radiation dam-
age) were compared with two models. In the first one a
deep defect (D) with an energy E.—E=0.5 eV and a
constant number of the active donors was considered. In
the second one the energy of the deep defect (D),
E,—E=0.9 eV, was assumed, and the number of the ac-
tive donors was adjustable. Stitzl, Krotz, and Muller?!
preferred the second possibility, and found that the ad-
justed number of the active donors is equal to the number
of deep defects (dangling bonds), which is in agreement
with the autocompensation theory of doping.*!

Our photomodulation results enabled us to find the en-
ergy levels of the light-induced defects. The fact that at
least part of the light-induced defects in lightly P-doped
a-Si:H must have energies around E, —E =0.6 eV seems
to support the first possibility discussed by Stitzl, Krotz,
and Muller.’! Can we somehow explain these seemingly
controversial results?

Recently, Leen and Cohen®? observed in lightly P-
doped a-Si:H two energy levels: One at E,. —E=0.6 eV
and the second at E. —E =~0.9 eV. They argue that these
states are two modifications of the same center. They at-
tribute the shallow state at E,—E =0.6 eV, observed
shortly after D% D~ conversion, to the “unrelaxed”
D ~ state, and label it as (D 7 )*, while the deeper state at
E,—E=0.9 eV is the stable “relaxed” D~ state.®

The following idea may reconcile our results with those
of Stitzl, Krotz, and Muller. dc conductivity and PDS
are steady-state measurements, and therefore controlled
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by the relaxed (0.9-eV) state. During the photomodula-
tion measurements, there is a continuous interconversion
of D and D~ states, and if the unrelaxed (D, )* state®
has a sufficiently long lifetime, a certain fraction of all
D~ states are in the (D ~)* state. This state, labeled in
our notation as D; , may be detected by PM spectrosco-
py but not by dc conductivity.

The PM spectroscopy is one of the few methods which
can detect such an unrelaxed state, the “observation win-
dow” of which is very narrow.*? Naively, one would ex-
pect that with increasing doping the number of the “un-
relaxed” states (D, )* should increase. The observation
that the AG(D;)/G(Dy) ratio decreases with increasing
doping (Fig. 4) can be explained by the shift of the Fermi
level with doping and by Fermi-level-dependent relaxa-
tion lifetime, which decreases with increasing doping.
Although in principle the model of Leen and Cohen*
may be able to explain our results, as well as the results of
Stitzl, Krotz, and Muller,’! and the DLTS (deep level
transient spectroscopy) versus ICTS controversy,** more
studies are necessary for a clear proof of the correctness
of the defect pool or intimate pair models used for the ex-
planation of the shift of the D~ (D) position in doped
a-Si:H.

As concerns the concentration of active donors, both
Stutzmann® and Stitzl, Krotz, and Muller’! came to the
conclusion that LS (or radiation damage®!) increases the
concentration of active donors, approximately in propor-
tion to the number of deep defects.’! On the other hand,
the quasi-independent changes of the density of active
donors and deep defects have been claimed by other
groups.*>3* We cannot clarify this problem, due to the
fact that we have labeled by P, the sum of the active
donors and conduction-band tail states, because we can-
not distinguish them by PM spectroscopy. As has been
shown by Stutzmann,® LS leads to anticorrelated change
of occupied donor and tail states so that their sum (our
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P,) is approximately constant. The slight decrease of the
G(P,)/G(Dyp) density ratio observed in the PM spectrum
indicates small LS-induced increase of Dy states.

We can summarize the main conclusions from this
study as follows.

(1) LS strongly changes the shape of the PM spectrum
of phosphorus-doped a-Si:H, while the changes in un-
doped and boron-doped samples are small. In undoped
a-Si:H, LS increases the density of dangling bonds (“in-
trinsic” D; defects); the quasi-Fermi levels move closer to
the middle of the gap, and this produces PM band shar-
pening.

(2) To fit the PM spectra of LS a-Si:H:P, we need to in-
troduce, in addition to Dp states, D and D, states with
similar properties as these states have in undoped a-Si:H.
These states can be observed because LS shifts the Fermi
level toward midgap. We cannot determine from the
data whether the D; defects exist in the annealed state
and are made visible by LS, or whether they are actually
generated by LS. The existence of D/ states in the dark
in LS a-Si:H:P is possible because of the positive electron
correlation energy of this defect.

(3) Thermal quenching usually produces small changes
in the PM spectra. The changes observed in a-Si:H:P can
be interpreted as due to the increase of the density of P,
states relative to Dp defects.

ACKNOWLEDGMENTS

We are grateful to Joseph Shinar for providing us with
boron-doped a-Si:H samples, in which we first saw pho-
toinduced transmission. We thank Z. Vardeny for valu-
able discussions and T. R. Kirst for technical assistance.
This work was partly supported by National Science
Foundation Grant No. DMR-9014977 (Brown Universi-
ty) and the Czechoslovak Academy of Sciences Grant
No. 11063 (Institute of Physics).

ID. L. Staebler and C. R. Wronski, J. Appl. Phys. 51, 3262
(1980).

2M. Stutzmann, Philos. Mag. B 56, 63 (1987).

3M. Stutzmann, Phys. Rev. B 35, 9735 (1987).

4W. B. Jackson, M. Stutzmann, and C. C. Tsai, Sol. Cells 21,
431 (1987).

SW. B. Jackson, Phys. Rev. B 41, 10257 (1990).

6T. M. Leen, J. D. Cohen, and A. V. Gelatos, in Amorphous Si
Technology, edited by P. C. Taylor et al., MRS Symposia
Proceedings No. 192 (Materials Research Society, Pittsburgh,
1990), p. 707.

7R. A. Street, J. Kakalios, C. C. Tsai, and T. M. Hayes, Phys.
Rev. B 34, 3030 (1986); J. Kakalios and T. M. Hayes, ibid. 34,
6014 (1986).

8R. A. Street, J. Zasch, and M. J. Thomson, Appl. Phys. Lett.
43, 672 (1983).

9J. Koé&ka, J. Cryst. Solids 90, 91 (1987).

10y, Ko&ka, M. Vané&ek, and A. T¥iska, in Amorphous Silicon
and Related Materials, edited by H. Fritzsche (World
Scientific, Singapore, 1988).

11Z. E. Smith and S. Wagner, in Amorphous Silicon and Related
Materials (Ref. 10), p. 409.

127, Vardeny and J. Tauc, Phys. Rev. Lett. 54, 1844 (1985); Y.
Bar-Yam, J. D. Joannopoulos, and D. Adler, ibid. 55, 138
(1985).

13T. X. Zhou, Ph.D. thesis, Brown University, 1989.

14H. T. Grahn, C. Thomsen, and J. Tauc, Opt. Commun. 58,
226 (1986).

I5M. Stutzmann, D. K. Biegelsen, and C. C. Tsai, Phys. Rev. B
32,23 (1985).

16M. Stutzmann, Appl. Phys. Lett. 56, 2313 (1990).

17Z. Vardeny, T. X. Zhou, H. A. Stoddart, and J. Tauc, Solid
State Commun. 65, 1049 (1988).

181n our discussion of the dangling-bond states, we neglect the
lattice relaxation of the charged states (Ref. 12). In our
symmetrical model, the lattice relaxation energy
AE,=E(PA)+E(PB)—E, is small in a-Si:H. From Table
I1, one has for the D; defect in a-Si:H, E(PA)+E(PB)=1.7
eV, which is within 0.1 eV equal to the gap energy. For this
material, the neglect of AE, is justified; we assumed that the
lattice relaxation is negligible in the doped samples as well.

%In undoped a-Si:H, transitions involving the band-tail states
(which in this case are due to distorted bonds) are observed at
low temperatures (Ref. 24).



2060 L. CHEN, J. TAUGC, J. KOCKA, AND J. STUCHLIK 46

20photogenerated DY produces another PA transition VB
—Dyp. The energy of this transition (0.9 eV) is close to the
energy of the PB transition Dy —CB (0.95 eV) and these con-
tributions to the PM spectrum overlap. What we measure is
the net effect of this superposition which is PB (an experimen-
tal fact). The actual strength of the PB transition Dp —CB is
larger than we calculated from the spectra. The same ap-
proximation was made in Ref. 17.

21In Ref. 17, a Gaussian function was used for the tail states in
a-Si:H:P. We have obtained a good fit to our data using an
exponential instead of a Gaussian. The reasons that the
fitting is not very sensitive to the exact form of the BT distri-
bution function is that the PM signal is determined by the
density of states between F, and Ep, which usually is a small
part of the distribution function [see Figs. 2(b) and 2(c)].

22J, G. Simmons and G. W. Taylor, Phys. Rev. B 4, 502 (1971).

23D. Adler and E. J. Yoffa, Phys. Rev. Lett. 36, 1197 (1976).

24H. A. Stoddart, Z. Vardeny, and J. Tauc, Phys. Rev. B 38,
1362 (1988).

25The structures seen on the onsets of the PM spectra in Fig.
5(b) are due to the changes of the Si—H bond vibrations pro-
duced by changing the sample temperature. We identified
this thermal effect by measuring the infrared (dark) spectra at
two different temperatures; we found that the differences be-
tween the spectra have the same structure as the structures
seen on the onsets of the PM spectra. The photoinduced vi-
brational spectra in a-Si:H were first observed by Z. Vardeny

and M. Olsakier [J. Non-Cryst. Solids 97/98, 109 (1987)].

26We first observed the —AT <0 region in the spectrum of vir-
gin a-Si:H:B in the samples made by J. Shinar’s group at Iowa
State University. Because this feature easily disappeared we
considered it accidental. However, we observed it again in the
samples prepared in Prague, and are now confident that it is a
real property of (at least some) virgin samples.

27D. V. Lang, J. D. Cohen, I. P. Harbison, M C. Chen, and A.
M. Sergent, J. Non-Cryst. Solids, 66, 217 (1984).

28], D. Cohen and A. V. Gelatos, in Proceedings of the 19th In-
ternational Conference on the Physics of Semiconductors, edit-
ed by W. Zawadski (Polish Academy of Science, Warsaw,
1988), p. 1629.

293. D. Powell, C. van Berkel, and S. C. Deane, J. Non-Cryst.
Solids 137 /138, 1215 (1991).

30R. Banerjee, T. Furui, H. Okushi, and K. Tanaka, Appl. Phys.
Lett. 53, 1829 (1988).

31H. sStitzl, G. Krotz, and G. Muller, Appl. Phys. A 52, 335
(1991).

32T. M. Leen and J. D. Cohen, J. Non-Cryst. Solids 137/138,
319 (1991).

33Note that this relaxation of light-induced defects proposed by
Leen and Cohen (Ref. 32) is different from the relaxation of
“natural” defects (present in annealed samples).

34H. Okushi, N. Orita, K. Arai, and K. Tanaka, J. Non-Cryst.
Solids 137 /138, 175 (1991).



