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Nonequilibrium occupancy of tail states and defects in a-Si:H: Implications for defect structure
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A detailed investigation of the electron and hole occupancy of tail states in undoped amorphous sil-

icon (a-Si:H) as well as changes in the dangling-bond occupancy as a function of excitation intensity was
carried out using light-induced electron-spin-resonance (LESR) measurements. For very thick films the
band-tail electron and hole densities are not proportional. Over a wide range of excitation conditions
the excess hole density is constant, suggesting the presence of charged defects with a density that is 5 —10
times larger than the neutral defect density in annealed or as-grown a-Si:H. Light soaking increases
mainly the neutral defect density. The dependence of the excess hole density on film thickness and ab-
sorption profiles indicates that this effect is a bulk property, which may be masked in thinner films by the
comparatively high interface defect density. Model calculations of nonequilibrium occupation statistics
confirm the experimental results. For a defect distribution that includes charged defects, the calcula-
tions suggest a very small positive LESR signature of the dangling bond, in spite of the high density of
charged defects in the material, as a necessary consequence of the asymmetries observed between elec-
tron and hole capture rates and tail-state distributions. The calculations demonstrate that the lack of
this signature does not imply a defect structure that contains predominantly neutral defects.

I. INTRODUCTION

According to the most widely accepted model for the
defect structure in amorphous silicon, the density of gap
states in undoped a-Si:H is dominated by a single band of
neutral dangling-bond (DB) states with a comparatively
large effective correlation energy. On the other hand,
theoretical work based on thermodynamic equilibration, '

specifically between weak and dangling bonds, or
based on potential fluctuations, suggests that in spite of a
positive correlation energy most DB's may be in the
charged state, forming two independent bands of charged
defects separated by the Fermi level. In both approaches,
the ratio of charged to neutral defect density depends on
the model parameters, in particular, on the assumed
effective correlation energy in relation to the width of po-
tential fluctuations or the energetic width of available
defect creation sites. In this paper, dark- and light-
induced electron-spin resonance measurements are in-
voked to determine the relative density of charged to neu-
tral dangling bonds in device-grade undoped a-Si:H.

In both doped and undoped amorphous silicon three
distinct electron-spin resonance absorption lines can usu-
ally be observed. One line with a g value of 2.0055 and a
width of 7.5 G is attributed to the neutral singly occupied
silicon dangling bond, the other two lines, with
g =2.0043 and 2.01, observed only in light-induced
electron-spin resonance (LESR) or doped material, have
been ascribed to electrons in the conduction-band tail and
holes in the valence-band tail. In early LESR studies,
electron and hole absorption lines of undoped a-Si:H
were found to be of roughly equal densities with no dis-
cernable LESR signature of the dangling bond, suggest-
ing that only an insignificant fraction of the DB defects
are charged in undoped material. The proportionality
between optical subgap absorption and spin density, to-

gether with the temperature independence of the dark
spin density, led to the widely accepted conclusion that
the dominant defect in undoped a-Si:H is the singly occu-
pied, neutral, paramagnetic dangling bond with a positive
effective correlation energy.

Recent, more detailed and accurate comparisons of ab-
sorption data and spin density have shown systematic de-
viations from proportionality. ' Changes in the ratio of
electron to hole LESR absorption lines have been report-
ed, when comparing band to band with ir excitation" or
when comparing as-grown with light-soaked samples. '

Deconvolution of LESR signals, while accounting for
surface defects, indicates a significant number of charged
defects in the bulk of undoped a-Si:H. ' In addition, the
defect structure, as elucidated by the electrical properties
of the material, does not show an altogether satisfactory
agreement with the above conclusion. For instance, the
lack of proportionality between photoconductivity and
spin density' points to additional gap states acting as
recombination centers. Another puzzling feature of un-
doped a-Si:H is the lack of any LESR signature of the
DB.

A careful study of the three line intensities over wide
ranges of temperature and illumination intensity should
clarify this issue, but so far has not been reported, prob-
ably because of experimental difFiculties. Applying exten-
sive averaging procedures to increase the signal-to-noise
ratio and using very thick films, we have obtained quanti-
tative data about the nonequilibrium occupancy of tail
and defect states in device-grade undoped a-Si:H for vari-
ous excitation conditions. This allows us to derive the
number of charged and neutra1 defects and to estimate
the energetic positions of the various defect bands. In
Sec. III, the occupation statistics are calculated using a
simple model with recombination through tail states and
correlated defect transition levels. Features such as the
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missing dangling-bond LESR signature in undoped a-
Si:H are addressed.

II. LESR MEASUREMENTS

A. Experimental details

Standard, device-grade undoped a-Si:H films from 0.3
to 15 pm thickness were deposited on quartz, on glass,
and on Cr-coated quartz under identical growth condi-
tions. Dark spin areal densities for the 0.3-pm film were
1.9X10' cm, equivalent to a bulk density of 6.5X10'
cm, and for the 15-pm film 4.8 X 10' cm, equivalent
to a bulk density of 3.2X10' cm . Subtracting the
1.9X 10' cm surface and/or interface defects yields a
bulk spin density of -2X 10' cm for the thick film.

For LESR measurements white light from a halogen
lamp was filtered by a 900-nm cutoff filter and additional
filters to achieve desired absorption profiles and genera-
tion rates. Measurements were carried out from 32 K to
room temperature and over five orders in generation rate.

To achieve a sufficient signal-to-noise ratio, up to 1000
consecutive field scans were numerically averaged. Typi-
cal scan times were 1 —2 min. No further smoothing of
the data was performed. For LESR spectra the dark sig-
nal was subtracted from the light-induced signal. Above
120 K the relaxation times were sufficiently short, so that
extended averaging could be done by alternating scans
under illumination and in the dark. For lower tempera-
tures, first the dark spectra, then the spectra under il-
lumination, were taken, each one with a number of scans
that gave sufficient accuracy at a given signal intensity.

At each temperature, varying the microwave power
over three orders of magnitude and checking for the ex-
pected square-root dependence ensured that the signal in-
tensity was not affected by microwave saturation. While
the absolute calibration of ESR data regarding spin densi-
ties may not be better than a factor 2—3, our conclusions
are all based on relative numbers, such as the ratios of
light-induced electron and hole spin densities, and those
in comparison with the neutral DB densities in the dark.
These values are considered to be accurate within
10—20%%uo relative error.

B. Dependence on excitation intensity

Figure 1 shows LESR absorption derivative spectra ob-
tained from the 15-pm film on the Cr-coated substrate.
The four spectra were taken for excitation intensities and
temperatures giving roughly an order of magnitude varia-
tion in the hole density, decreasing from pt=3X10'
cm for the top spectra to 5.4X 10' for the bottom one.
For better comparison, all curves have been rescaled to
give equal amplitudes for the hole (h) lines. Even casual
inspection of line heights shows that, as the hole density
drops, the electron density drops faster, indicating a dis-
tinct disproportionality between electron and hole densi-
ties.

Accurate values for electron and hole densities at the
various excitation conditions were obtained by fitting the
derivative spectra as well as the integrated absorption
spectra with a superposition of two Gaussian functions.
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All lines for a given temperature and different excitation
energies were fit with one set of parameters for the
linewidth and position, allowing only the line heights to
vary. The linewidth and position change little with tem-
perature. The values are summarized in Table I. Gen-
erally, very good fits could be obtained. An example of
the fit quality is shown in Fig. 2 for the spectra of Fig.
1(c), with an intermediate hole density p, =7.8 X 10'
cm . At this or higher intensities the hole and electron
absorption could be determined with less than 10% rela-
tive error. Once the linewidth of the h line is known, the
ratio of the e- to h-line intensity may also be directly read
from the derivative spectra with good accuracy according
to the relation

Ih line I&t ~~pt
Ie line nt ~~nt

2

where I„I„,are the line heights and AH „EH„tare the
peak-to-peak widths of the hole and electron derivative
spectra, respectively.

TABLE I. g value and linewidth of LESR electron and hole
lines.

g value Linewidth (G)

T(K) Holes Electrons Holes Electrons

32
85-95

165

-2.010
-2.011
-2.009

2.043
2.043
2.043

19+0.5
17.5+0.5

15+0.5

6.5
6
5.5

FIG. 1. LESR derivative spectra of an undoped 15-pm a-
Si:H film for various illuminations and temperatures. (a) T=32
K, microwave power P=8 pW, white light, p, =3.3X10'
crn '. (b) T=32, P=8 pW, residual signal after illumination,
p, =8.8X10' cm . (c) T=95 K, P=125 pW, white light,
p, =7.8X10' cm . (d) T=95 K, P=125 pW, red light,
p, =5.2 X 10' cm . The spectra have been adjusted to give
equal amplitudes for the hole lines.
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C. Electron-spin density and total electron density
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The data of Fig. 1 were taken for an intermediate
light-soaked stage of the sample corresponding to a dark
spin density N, = 1.1 X 10' cm . Similar changes in the
spectra have been found in the annealed sample with
X, =3.2 X 10' cm and after light soaking to
1V, =3.2X 10' cm . Figure 3 summarizes these results.
Up to the highest intensities the hole density is larger
than the apparent electron density n„with a clear devia-
tion from proportionality towards lower densities. At
high intensities all data seem to approach proportionality
with p, =c&n„where c& =2—2. 5 and n, is the electron-
spin density.

FIG. 2. Gaussian line fits to the spectrum of Fig. 1(c).
Dashed curves are the electron and hole lines with fit parame-
ters in Table I. Fits give a hole to electron spin density of —5:1.

At sufficiently high excitation intensity, where the car-
riers trapped in the band tails dominate the total charge,
charge neutrality requires an equal number of band-tail
electrons and band-tail holes, p, =n, . A number of possi-
ble effects may contribute to the apparent lower
electron-spin density n„compared to the total electron
density n, . One reason may be the rather small correla-
tion energy of conduction-band-tail states leading to spin
coupling of the band-tail electrons, as inferred from the
temperature dependence of the electron line in n-type ma-
terial. ' ' In this case, only a temperature-dependent
fraction of singly occupied tail states n, is observed where
the total number of electrons is n, =c&(T)n, . Figure 4
shows a normalized plot of n, (T) measured on a powder
sample of phosphorus-doped a-Si:H deposited at 10 gas
phase doping level, together with the calculated fraction
of unpaired electrons in thermal equilibrium, assuming
conduction-band-tail correlation energies between 10 and
30 meV and an exponential conduction-band-tail slope of
25 meV. The data suggests a correlation energy of about
20 meV, which yields c, ( T) =2.3 at 32 K, in agreement
with the proportionality constant inferred from our
LESR measurements. Of course, other combinations of
tail slope and correlation energy give similar fits, but the
effect on c

&
( T) in the temperature range of interest is

very small and does not affect the LESR results derived
in the following. For doping levels of 10 and above,
deviations from the monotonic increase of n, with T are
found. ' ' The origin of these deviations is unclear, but
increased coupling with dopant states might be a reason.

The LESR spectra were deconvoluted using Gaussian
functions for the e and h line, an assumption which is not
necessarily valid, although the Gaussian functions gen-
erally gave very good fits. The use of other line shapes
affects the derived ratios of e to h lines only to a small ex-
tent. The assumed line shape primarily affects the pro-
portionality constant that is observed for high excitation
intensities. It has, however, little effect on the observed
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FIG. 3. Hole density vs electron-spin density n, of the 15-pm
sample in the annealed and two light-soaked states with indicat-
ed dark spin densities, for various excitation intensities and tem-
peratures.
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FIG. 4. Temperature dependence of the normalized
electron-spin density for a lightly doped powder sample and cal-
culated fraction of singly occupied conduction-band tail states
assuming an exponential tail slope of 25 meV and correlation
energies U„=10—30 meV.
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deviation from proportionality at low intensities.
Lack of proportionality between the e- and h-line in-

tensity may arise from the possibility that spin pairing de-
pends on the signal intensity. For instance, a more
efficient spin pairing at lower light intensities could ex-
plain the apparent larger decrease of the e line. However,
due to increasing localization one expects larger correla-
tion energies for the deeper tail states, and hence less spin
pairing for the more deeply trapped electrons. In this
case, the e-line intensity should approach the h-line inten-
sity at lower excitation intensities, in contrast to the ob-
servations, rendering it very unlikely that spin pairing
causes the observed lack of proportionality. It is perhaps
surprising that under illumination and at low tempera-
tures spin pairing can be observed at all. However, under
steady-state illumination, those conduction-band-tail
states that are sufficiently isolated and deep to retain a
captured electron will most likely capture a second elec-
tron and thus pair up their spin.

The possibility of microwave saturation and passage
effects is also of concern. In principle, the increase of the
electron recombination lifetime ~ towards lower excita-
tion intensities could lead to a stronger saturation, if ~ is
smaller than or comparable to the spin-lattice relaxation
time T&. However, even for the e line of the n-type sam-
ple in the dark we were not able to detect saturation at
the microwave powers and temperatures used for the
LESR experiment. The above argument suggests that
under illumination there is less saturation for a given mi-
crowave power. Saturation effects in our LESR data are
therefore very unlikely. Variation of field scan times
from 0.5 to 16 min and field modulation frequencies from
100 Hz to 100 kHz at selected temperatures and light in-
tensities did not affect the line shapes, ensuring that pas-
sage conditions are not responsible for the observed
changes in line shape.

To summarize, the LESR line shape, and therefore the
ratio of the electron to hole signal intensity, depends pri-
marily on the absolute signal intensity (p, ) and, to a
smaller extent, on the metastable state of the sample (an-
nealed vs light soaked), but is essentially independent of
the experimental conditions, i.e., the combination of exci-
tation intensity and temperature leading to a given elec-
tron and hole density as well as microwave power, field
modulation frequency, and scan time. This result holds
for the entire temperature range from 32 to 165 K, and is
strong evidence that the lack of proportionality observed
between the e and h line is not due to an experimental ar-
tifact related to the measurement conditions.

D. Charged defect density

Taking c, (T) of Fig. 4 into account, the total electron
density n, =c,n, approaches p, at high excitation intensi-
ties. However, as shown in Fig. 5, a marked difference
AX=p, —n, still exists at lower intensities. AX is nearly
constant over two orders of magnitude change in n„indi-
cating the presence of additional, negatively charged de-
fects X =AVIV to compensate the charge of the excess

hole density. A slight increase of these charged defects
from 2X10' to 4X10' and 5X10' cm is observed
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when degrading the sample from a dark spin density of
3X10' cm to 1.1X10' and 3.2X10' cm, respec-
tively. The corresponding ratio of charged to neutral de-
fects b,X/X, decreases from about 7 in the annealed sam-
ple to 4 and 1.6 in the two light-soaked states. In the
range of largest n, and p, the derived difference AN is
sensitive to the exact value of c&. However, towards
smaller n„where most of our data are taken, the
inhuence of c& on this difference becomes marginal, and
the derived AX is quite accurate. In Fig. 3, due to the
log-log scale over three orders of magnitude, the devia-
tion from proportionality may not appear significant in
the medium range, where n, = 10' . However, this is the
range seen in Figs. 1(b) and 1(c) where the ratio of h- to
e-line intensities increases from 2.3:1 to about 3.5:1—5:1,
indicating deviations from proportionality by up to 50%%uo.

The range of lowest n„croresp noding to Fig. 1(d), shows
ratios in excess of 9:1.

In principle, the narrow LESR line may be a combina-
tion of both electron and dangling-bond signal, as these
lines are close in g value and linewidth, and thus difficult
to resolve separately. A potential negative LESR signal
of the DB, for instance, will introduce an error with a
maximum underestimation in the derived electron-spin
density given by the dark spin density X, . The derived
difference AX would then be overestimated by c&N, . In
the case of the annealed sample, with the assumption of a
full negative dangling-bond LESR signal, we obtain a
lower limit of ENmj AX c]1V 1 3 X 10' for the
charged-defect density. Partial saturation of the DB line

FIG. 5. Difference between hole and electron density from
data of Fig. 3 and using c&(T) from Fig. 4. Empty symbols are
from data taken at 32 K, full symbols at 85 and 95 K, indicated
points at 165 K. Annealed: N, =3.2 X 10' cm

p, —n, =2.5 X 10' (squares); light soaked: N, = 1.1 X 10',
p, —n, =4 X 10' (triangles); light soaked: N, =3.2 X 10',
p, —n, = 5 X 10' cm ' (circles).



14 202 G. SCHUMM, W. B. JACKSON, AND R. A. STREET

(U

CQ

L
C3

I

20 40 60
Field Scan (Gauss)

I

80 JOO

FIG. 6. LESR spectra at 165 K (microwave power is 0.5
mW) and fit by three Gaussian lines. Details in the text.

at the temperatures and microwave powers where the
LESR signals are recorded may decrease the error and so
adds to the accuracy of the derived AN. A potentially
positive LESR signal, on the other hand, will lead to an
underestimation of the charged-defect density. In any
case, the lowest density of charged defects in the an-
nealed film consistent with the LESR results is 1.3 X 10'
cm

Although we cannot completely exclude the possibility
of a negative DB LESR line, the width and g value of our
data are quite accurate due to the extended averaging
procedures. No evidence for an appreciable contribution
to the LESR signal by dangling bonds is found, particu-
larly for medium and high excitation conditions. For low
excitation intensities, where n, is comparable to the dark
spin density, we did observe systematic changes in the
line shape of the narrow line. In the case of the annealed
sample, it was found that the g value of the narrow line
shifts from -2.0043 to -2.0050 and the width increases
from 5.5 G to about 7 G. But for those conditions we
were not able to obtain a satisfactory fit with only two
Gaussian lines. Assuming a third Gaussian line of width
7.5 G and g =2.0055, good fits are achieved when
50—70% of the narrow component is assigned to the DB
line, indicating a positive LESR signal of the dangling
bonds, and 30—50%%uo to the e line at g=2. 0043. An ex-
ample for an extensively averaged LESR signal at 165 K
is shown together with the fits in Fig. 6. Of course, some
ambiguity exists in splitting the intensity between the DB
and e line, but additional confirmation was obtained from
microwave saturation of the DB line. At 165 K, the h
line and particularly the e line saturate at considerably
higher microwave power than the DB line. ' The com-
bined LESR line shape, measured under different mi-
crowave powers, could be fitted by adjusting only the DB
line according to the independently measured saturation
of the DB in the dark and leaving all other parameters
constant.

We emphasize that at low n, the annealed sample
shows a positive LESR signature of the DB line with a
density of 2. 1 —2.6X10' cm, corresponding to an in-
crease of the DB density by 60—80% of the dark spin

density. Even up to room temperature, extended averag-
ing shows a positive LESR signal of width 10—11 G and g
value of 2.0065 —2.007, with an integrated absorption of
30—50% of the dark spin density. However, due to the
high noise level and increasing overlap of the h and DB
lines, a decomposition into single components would not
be unique. The important point is that the DB LESR sig-
nal is positive rather than negative as expected if in the
dark all defects were neutral.

In Figs. 3 and 5 one data point is shown with an arrow.
The point indicates the upper limit of n, under the as-
sumption that no DB line is present, and the arrow gives
the range of n, and p, —n, assuming that part of the nar-
row component in the LESR signal is due to a positive
DB signature, as derived in Fig. 6. It is clear that the evi-
dence for charged defects remains regardless of the effect
of a DB LESR signal.

E. Dependence on film thickness and absorption pro6le

The most extensive data regarding intensity and tem-
perature dependence were collected from the 15-pm-
thick sample, but data from —5-pm thick films showed a
similar lack of proportionality between the electron and
hole density, although to a somewhat lesser extent. The
question remains whether this effect in fact is a true bulk
response of the material or due to some interface or
surface-related states. We addressed this point in two
ways: first, by comparing the results of the thick sample
with data from very thin samples that have a dominant
fraction of surface or interface states, and second, by
studying the effect as a function of light-absorption
profiles in the thick sample.

Consider first the 0.3-pm-thick film. Under the highest
available white light excitation we obtained a hole areal
density of 3.9 X 10' cm in combination with an
electron-spin areal density of 1.6 X 10' cm . Assuming
the same proportionality constant that relates electron-
spin density to total electron density as for the thicker
films, c&(32 K)=2.3, the maximum density of negatively
charge defects AN is 3X10' cm or 9X10' cm
which gives a ratio of charged to neutral defects around
1.3. Similar values AN =4—9 X 10' cm were obtained
for lower excitation intensity. The numbers for the dark
spin density and charged-defect density and correspond-
ing ratios of charged-to-neutral defects compare within a
factor of 2 to those of the degraded thick sample, suggest-
ing that the interface/surface defect structure is similar
to the degraded bulk structure. The same conclusion
may be drawn from the fact that this highly defective in-
terface region does not respond to light soaking as much
as the thick sample does. Extended light soaking to satu-
ration of the thin sample increased the dark spin density
only by a factor 3 compared to more than a factor 10
achieved for the thick sample.

Under white light excitation, for a given excitation in-
tensity the absolute LESR signal of the 0.3-pm film is a
factor 10 and the difference between hole and electron
signal a factor 15 smaller than that of the 15-pm film, and
for red light excitation, the LESR signal is approximately
proportional to the film thickness, ensuring that the data
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from the thick film indeed reflect the bulk properties of
the defect structure. Further confirmation for this is ob-
tained by varying the absorption profiles in the thick film.
For a given excitation intensity, white light largely ab-
sorbed within the first few 100 nm from the sample sur-
face produced the same LESR signature, with the dispro-
portionality between holes and electrons, as red light that
was adjusted to give a nearly homogeneous absorption
profile across the sample thickness, indicating a homo-
geneous density of charged defects throughout the film.
Also, LESR signatures of films deposited on Cr-coated
substrates were identical with signatures of samples on
SiO2, and white light excitation produced the same signal
for the case of illumination through the top surface as for
the case of illumination through the substrate, showing
no discernible difference for the contribution of top sur-
face, quartz interface, or Cr interface layers to the signal.

F. Defect structure

From our LESR measurements, we have established a
difference between band-tail hole and band-tail electron
density, p, —n„which, in annealed or as-grown material,
if a factor 5 —10 larger than the neutral dangling-bond
density. To maintain charge neutrality, this difference
must be balanced by defects or impurities that become
negatively charged under illumination, N, so that
N =p, —n, .

We further can estimate the range of energy positions
where the associated defect states are placed in the gap.
First, in order to pick up charge under illumination, these
states must lie between the quasi-Fermi levels. In partic-
ular, they must be lower in energy than the deep
conduction-band tail, as their recharging is observed for
an electron occupation of the tail as low as n, =10'
cm . This rules out shallow n-type-doping impurities as
the origin of these defect states. Second, as they are not
detected in dark ESR and hence must be positively
charged in dark equilibrium, these states must lie above
the dark Fermi level. Therefore, an explanation of the
LESR data essentially requires the presence of a band of
positively charged defects in the range 0.4—0.7 eV below
the conduction-band edge.

To maintain charge neutrality in the dark, these posi-
tively charged defects must be balanced by negatively
charged defects or impurities below Ef. No further con-
straints are placed on the energy position of the states
below Ef, and in principle our LESR results might be ex-
pected for slightly p-type-doped material. However, the
Fermi level of our thick samples is -0.7 eV below the
conduction-band edge, in the upper half of the gap, and
somewhat closer to E, than observed in thinner samples,
which makes p-type impurity doping highly unlikely. In
addition, p-type-doped a-Si:H usually shows a clear posi-
tive LESR signal of the DB line, ' which was not ob-
served in our samples. These considerations suggest that
the two charged defect bands are intrinsic to the bulk of
undoped a-Si:H.

III. OCCUPANCY CALCULATIONS

f (E,n, p)=
pc,' nc„'

1+ + +
nc.+ pc,

(3)

It is immediately apparent that f strongly depends on
the ratio of free electrons to holes and associated capture
rates. f is close to 1 only if both factors in the denomi-
nator are much smaller than 1, i.e., c„+/c ))p/n and

c~ /c„))n/p. For undoped films it is known that under
illumination n /p = 10, derived, for instance, from
steady-state p~ products. ' Then the critical requirement
for f =1 is c /c„))10.Experimental data for the vari-
ous capture rates are available from transient p~ measure-
ments and yield

for extended state mobilities pp = 10pp p and the values
of p~N, given in Ref. 22. From steady-state double injec-
tion measurements one find c„/c„=0.27. Both values
are much smaller than 10 and with those we obtain a
rather low probability for single occupancy f =0.03-
0.15, consistent with the absence of a large positive LESR
signature of the dangling bond. Similarly, with the ap-
propriate expressions for f+ and f we find f+(0.01
and f =0.85-1, confirming our results that under strong
illumination most deep defects will be doubly occupied.

For medium excitation intensities, the reemission
terms may not be neglected and the situation is somewhat

Our results have indicated that band-to-band excita-
tion leads primarily to double occupancy of the deep de-
fect states explaining the lack of a positive LESR signa-
ture of deep defects in spite of the rather high density of
charged defects that are present in the dark. However,
the question why under illumination these defects become
negatively charged instead of neutral immediately arises.
If charged defects generally show larger capture
coefficients for free carriers than the neutral ones, one
would expect that under illumination the majority of
deep defects would be neutral, a result not observed.

It is illustrative to have a closer look at the nonequili-
brium steady-state occupancy functions of the dangling
bond, f+ (zero occupancy), f (double occupancy), and
f (single occupancy) under illumination. From detailed
balance one obtains for the case of single occupancy

1f (E,n,p)=
e„+pc e +nc„

e+ +nc„+ e„+pc
where e„,e, e„,and e+ are the emission coefficients of
electrons and holes from charged and neutral traps, and
c cp cp, and c„+are the associated capture coefficients.
If the defect states in question lie between the two quasi-
Fermi levels for electrons and holes, the reemission pro-
cesses may be neglected and the above equation is ap-
proximated as
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more complex. Using a simple recombination model of
defects with two correlated transition levels in the gap,
we can numerically calculate the steady-state occupancy
of defects and tail states as a function of generation rate.
The program we used can handle an arbitrary continuous
distribution of gap states D (E) with correlated transition
levels and tail states N„(E)and N„(E).The solution fol-
lows the procedure given in Ref. 20: Charge neutrality
requires

20

I

$0
I

E

n+n, +N~ =p+p, +N~+

where

n, = f N„(E)f,(E,n, p)dE,

p, = f N„,(E)[1 f, (E,—n, p)jdE,

N = f D(E)f (E,n,p)dE,

N += f D(E)f+(E,n,p)dE,

(4)

$0

M
C W

C3

and f„f+, and f are given in Ref. 23. Equation (4)
yields a parametric expression for n and p, and for given
capture rates we may calculate n, p, n„p„N
and N o as a function of generation rate.

To be specific, for the calculations we have assumed
typical values of 25 and 45 meV for the exponential
conduction- and valence-band-tail slopes and two alterna-
tive distributions for the defect states. The first is a sin-
gle, dominant defect band with a comparatively large
effective correlation energy of 0.4 eV, in the following
called the standard defect model. %'ith this structure, in
dark equilibrium most defects are singly occupied. The
second defect distribution shows a center band in com-
bination with two dominant side bands and a relatively
small correlation energy of 0.12 eV (the defect pool distri-
bution ). Both distributions with their associated
D+ and D transition levels are shown in Fig. 7.
Both distributions have been calculated using a specific
defect equilibration model where

D(E)=yP(E) o

1

f (E)zd
T, /2T, .

D (E) is the resulting one-electron density of states, P(E)
is the statistical energy distribution of available defect
sites, assumed to be Gaussian, Teq is the equilibration
temperature, T, is the exponential valence-band-tail pa-
rameter, and y is adjusted to give the measured dark spin
density of 3 X 10' cm . A typical rms width of P(E) of
150 meV in combination with U,&=0.4 eV yields the de-
fect distribution of Fig. 7(a), and a width of 160 meV in
combination with U,~=0. 12 eV yields the defect struc-
ture in Fig. 7(b). Equilibrium occupation statistics yields
a comparatively small ratio of 1:2 for the charged-to-
neutral defect density in the case of the standard model
Fig. 7(a) and a ratio of 8:1 in the case of the defect pool
distribution, the latter in accordance with our require-
ments from LESR results. It is important to emphasize
that both cases have the same number of free parameters
(3) that determine the density of states, i.e., pool position,

0.0 0.5 1.0
E-E (e V~

3.5

FIG. 7. Model density of states in the band gap according to
the standard and defect pool model. Full curves correspond to
D+ and dashed curves correspond to D transitions, shifted
by the assumed correlation energies of 0.4 and 0.12 eV, respec-
tively. In the case of the defect pool DOS, the total DOS is
shown separated into actual equilibrium occupancy bands D
D, and D+ at 300 K.

pool width, and correlation energy. These have been
selected such that the Fermi energy is 0.7 eV below the
conduction-band edge and the dominant defect levels are
located at 0.5 and 0.9 eV below the conduction-band
edge, consistent with many experimental observations.
The main parameter leading to the different density of
states in Figs. 7(a) and 7(b) is the assumed correlation en-
ergy.

Figure 8 shows the various occupation densities as a
function of generation rate. The figure provides a num-
ber of interesting observations. Over the whole range of
generation rates, we find n ))p, largely a result of the
asymmetric tail-state distributions. Due to the steep
slope of the conduction-band tail, n, follows closely the
free-electron density n, being about a factor 10 larger
than n. Because of the much broader valence-band tail,
p, is some orders of magnitude higher than p, but in-
creases slower than p with generation rate. At high exci-
tation rates, n, approaches p„satisfying charge neutrality
in this regime. At medium generation rates, however, the
charge balance is dominated by p, and N, and the tran-
sition between the two regimes shows the dispropor-
tionality between n, and p, as observed in LESR. At low
intensities, the charge balance is dominated by N and
N +. But over the whole range N o does not change ap-
preciably, consistent with the negligible LESR signal of
the DB.

The change of N o with generation rate is more clearly
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FIG. 8. Densities of free carriers, carriers in tail states, and
positive, negative, and neutral defects under illumination at 300
K, calculated for the defect pool DOS of Fig. 7(b), and with cap-
ture rates from Ref. 23.

displayed in Fig. 9 for two defect distributions in Fig. 7
and for various capture rates. We find, even for symme-
trical capture rates and a factor 10 difference between
capture into neutral and into charged defects (curve a)
that the maximum increase of spin density with illumina-
tion is only a factor 2.3, much smaller than the factor 8
between charged and neutral defect densities. For realis-
tic capture rates (curves b and c) an increase to 1.5 times
the dark spin density is found, in good agreement with
our data at 16S K (Fig. 6). These values decrease further
if defect pool structures with smaller charged-to-neutral
ratios are used in the calculations. On the other hand,
with the standard model a drop of spin density under il-
lumination, even for rather low generation rates, is ob-
tained, in contrast to experimental observations, and the
curves were found to be insensitive to the exact values of
the capture rates, provided that the rates into charged de-
fects are not more than a factor 10 higher than into neu-
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FICx. 9. Calculated change of spin density with illumination.
Curves a —c, defect pool DOS; a' —c' standard DOS. (a)
c„+= c~ = 10c„=10c~. (b) Capture rates from p~ measurements
(Ref. 22). (c) Capture rates from double injection experiments
(Ref. 23).

tral ones.
Although the occupancy calculations were carried out

for room temperature, the same general features should
be expected for lower temperatures, provided that the ra-
tios of the associated capture rates in Eqs. (2) and (3) do
not change drastically with temperature. For
temperature-independent capture rates or if all rates obey
the same temperature dependence, changing the tempera-
ture will only shift all curves to higher or lower genera-
tion rates.

IV. DISCUSSION

With LESR, a band-tail hole density is observed which,
at sufhciently low excitation intensities, is significantly
larger than the band-tail electron density. The difference
AX=p, —n, is derived using the deviation from propor-
tionality at low excitation intensities, with the assump-
tion that at high intensities electron and hole densities are
equal. The derived values for AN do not rely on any ab-
solute numbers obtained for the measured electron-spin
densities and do not depend on any particular mechanism
that may be responsible for the discrepancy between total
electron density and apparent electron-spin density. The
derived ratio of charged to neutral defects bN/N, does
not depend on the absolute calibration of the ESR setup
and relies only on two assumptions: (i) the measured
band-tail hole spin density is identical to the total hole
density (no spin pairing, no saturation efFects), and (ii) the
factor c&, relating electron spin density to the total band-
tail electron density, is independent of n, within the
covered range of electron-spin densities. Spin pairing of
band-tail holes can be ruled out (Stuke), care was taken to
avoid saturation of the hole line, and the arguments given
in Sec. III C make an intensity dependence of c& very un-
likely. By extended averaging and by exploiting the
different saturation behavior for the e and DB line, we
were able to separate contributions from dangling bonds
and electrons to the narrow (e+DB) line. But even
neglecting that and assuming the most unfavorable situa-
tion of a full negative DB LESR signature, a lower limit
for AX/X, =5 was obtained for the bulk defect structure
of low defect a-Si:H.

We would like to relate our results to other experi-
ments in this field. As already mentioned, earlier LESR
studies indicated a ratio of roughly 1:1 for tail-state
electron-to-hole density under high excitation levels and
band-to-band excitation. '" We have reexamined and
deconvoluted those spectra and indeed obtained a best fit
for an electron-to-hole ratio of around 1:2.5, in agreement
with our present results and recent results from other
groups. Of course, accounting for the spin coupling of
tail-state electrons, the original conclusion with a ratio of
1:1 for all tail-state electrons to holes is approximately
valid for high excitation where p„n,, ))p, —n„and only
for lower excitation does the deviation from propor-
tionality become apparent.

Under ir-excitation an increase of the electron line with
respect to the hole line was observed, " suggesting the
presence of positively charged defects under illumination
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to balance the excess electron density. Gn the other
hand, our results show a smaller electron than hole densi-
ty under low band-to-band excitation, indicating the pres-
ence of additional negat~uely charged defects. In agree-
ment with our results, a decrease of the narrow line with
respect to the hole line was found after light soaking, ' al-
though no dependence on excitation intensity was report-
ed. The ir results on different types of samples suggested
an interface effect, and one possibility to generate
charged defects near interfaces could be band bending to-
wards the interface. Our results, on the other hand,
proved to be a clear bulk response, independent of film
thickness, absorption profile, and substrate material. In
fact, for thinner films whose dark spin density is dominat-
ed by the interface layer, the density of charged defects
under illumination is not much higher than the dark spin
density. This may mask the true bulk response of
device-grade material up to film thicknesses of several mi-
crometers. Apart from the interface vs bulk issue, how-
ever, the ir results do not essentially contradict our
findings. With the two bands of negatively and positively
charged defects present, band-to-band excitation by sub-
sequent trapping processes apparently leads to negative
charging of those defects that are unoccupied in the dark
while subgap illumination may preferably excite electrons
out of the doubly occupied defect band and so lead to a
net excess of positively charged defect states.

Subgap absorption shows a distinct deviation from
dark spin density for larger film thicknesses, ' indicating
a higher ratio of charged to neutral defect density in the
bulk than close to the surface or interface, in good agree-
ment with the present LESR results. A significant
difference between surface and bulk microstructure with
larger correlation energies for surface-related defects was
inferred from the temperature dependence of the dark
spin density. Larger correlation energies, however,
should lead to a lower ratio of charged to neutral defects,
again supporting our results regarding the dependence of
LESR on film thickness. With light soaking, an increase
in subgap absorption was observed, which was, by a fac-
tor -2.5, smaller than the corresponding increase in spin
density for film thicknesses ~ 15 pm, again in quantita-
tive agreement with the LESR data. Both results indi-
cate that the observed proportionality of subgap absorp-
tion and spin density derived for high defect densities is
not valid for the bulk defect structure of undoped low de-
fect a-Si:H. Our results on sufficiently thin films and
light-soaked films suggest that the matrix element linking
defect density to optical absorption should be larger by a
factor -2 than originally proposed to account for the
additional charged defects present in light-soaked or thin
samples. Together with the deviations between ESR and
subgap absorption on thick, annealed films, this yields for
the bulk defect structure of annealed films 5 —10 times
more charged than neutral defects.

While the input parameters for occupancy calcula-
tions, such as tail state distribution, bandgap, or effective
density of states at the mobility edges, do inAuence the
quantitative features of Fig. 8 to some extent, the occupa-
tion functions f, f+, and f show little dependence on
these parameters, provided that the calculations yield (as

required by experiment ' a free-electron density n Pp
over the range of generation rates. Hence, assuming that
the experimentally derived capture rates ' are reason-
able, the observed small positive LESR signal of the DB
requires a density of charged DB's well in excess of neu-
tral DB's in undoped a-Si:H. In fact, if we would assume
that in the dark no appreciable fraction of charged de-
fects was present, with the values off derived in Sec. III
we should expect a large negative LESR signal of the
dangling-bond under illumination, starting already at rel-
atively low generation rates at room temperature, a
behavior that has never been observed. As shown in de-
tail by Vaillant and Jousse, for such a defect structure a
small or negligible LESR signal is only expected if the
capture rates of charged DB's are much larger (=50)
than those of neutral DB's, and if capture rates for elec-
trons and holes are symmetrical, both assumptions that
are not in agreement with the experimental data.

An additional complication may be present for typical
films of thickness around 1 pm, which have an apprecia-
ble or dominant contribution of interface defects. In
such a case, due to the high recombination rates at the
defective interface, the occupation of those states may
not change appreciably, and hence quench any positive or
negative dangling-bond LESR signature on those samples
further.

The recombination model to calculate the various oc-
cupancies in Fig. 8 has been previously applied to predict
the dependence of steady-state p~ products on tempera-
ture and Fermi level, based on the two alternative defect
structures of Figs. 7(a) and 7(b). The results were in-
compatible with the standard defect model and favored a
defect structure according to the defect pool model, in
agreement with our present results. We conclude that in
undoped equilibrated a-Si:H electronic properties as well
as defect occupancies observed by LESR, at least for
steady-state conditions, are consistently and better ex-
plained by a defect structure containing a dominant frac-
tion of charged dangling bonds. Less understood are
electronic properties of a-Si:H inferred from transient
behavior. Recent results on trap filling dynamics have
been interpreted as relaxation processes associated with
capture into deep defects. Transient p~ and charge col-
lection measurements suggest much lower defect densi-
ties than deduced from the present LESR experiment,
but the correlation between defect density and transient
p~ products on which these results are based seems con-
troversial.

V. CONCLUSIONS

Our LESR measurements have shown a distinct devia-
tion from proportionality between band-tail electron and
hole density as well as a small positive LESR signature of
the DB line in the bulk of undoped low defect a-Si:H.
The results suggest a density of charged DB's which is at
least a factor 5 higher than the density of neutral DB's.
Occupancy calculations confirmed that under illumina-
tion most DB's become negatively charged, and therefore
no appreciable positive LESR signature of the DB line is
expected. , even for a dominant fraction of charged DB's
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present in the dark.
Because the defect structure of the interfaces is

different from the bulk and the interface defects dominate
the spin signal for films up to 5 pm, an unambiguous ob-
servation of this effect requires a minimum film thickness
of more than 5 pm. However, many electronic properties
are dominated by the bulk defect structure with little
inAuence of the interface even for comparatively thin
samples. This may explain many apparent inconsisten-
cies between properties derived from electronic measure-
ments and derived from ESR or LESR.

Although the so-called defect pool model has been of
considerable success in explaining defect densities and de-
fect distributions of doped material ' ' and has been ap-
plied to describe metastable changes in thin-film transis-
tors, the understanding of the bulk defect structure of
undoped material suffered from the above-mentioned in-
consistencies. With our measurements and occupancy
calculations, we have demonstrated that ESR and LESR
results are consistent with the predictions of the defect

pool model. In this framework the defect structure of in-
trinsic material may be viewed as a smooth transition
from n- to p-type a-Si:H, where the two charged-defect
bands observed in doped material are of approximately
equal density. Correlations observed between spin densi-
ty and electronic properties, which generally have been
taken as indication for the neutral dangling bond being
the main recombination center, are in fact due to correla-
tions between the charged and neutral defect densities as
a result of equilibration. On the other hand, deviations
from straight proportionality' are consistently explained
by changes in the ratio of charged to neutral defect densi-
ties under conditions such as light soaking.
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