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Thermally stimulated currents (TSC) in hydrogenated amorphous silicon (a-Si:H) are studied for
different initial excitation conditions and various heating rates and are found to show two peaks:
one at = 120 K and another at =300 K. The peak near =300 K is resolved using two almost iden-
tical samples in a bridge configuration. From analysis of the heating rate it would appear that the
TSC peaks near = 120 and 300 K arise from states which lie within 2kT of 0.16 and 0.60 eV below
the conduction-band edge, respectively. TSC is reduced considerably after light soaking (Staebler-
Wronski effect). It is shown that a peak in the initial occupancy of states caused by the product of a
fast-rising g(E) and an exponentially decaying occupancy function near =0.16 eV may be respon-
sible for the TSC peak observed at = 120 K and may not necessarily imply a structure in g(E).

I. INTRODUCTION

The thermally-stimulated-currents (TSC) technique has
proved very useful in obtaining information about traps
and their parameters in semiconductors. ' ' In this
method, the traps in semiconductors are filled by excita-
tion (by light or a high electric field) at a low temperature
and then the excitation is turned off. If the teinperature is
low enough the carriers remain trapped even in the ab-
sence of excitation. The temperature of the semiconduct-
or is then raised at a constant rate and as a result the car-
riers are freed. The liberated carriers contribute to an ex-
cess conductivity, measured as an excess current in the
presence of an electric field. This excess current, when
measured as a function of temperature during heating, is
called the TSC curve. A single trap level in the semicon-
ductor shows a peak in the TSC curve at a temperature
which depends upon the energy of the trap level, its cap-
ture cross section, trapping kinetics, and the heating rate.
By making suitable assumptions about trapping kinetics,
the position of the trap level and its capture cross section
can be determined by varying the heating rate. If there
is a discrete distribution of traps in the material, the TSC
may show several peaks or a structure corresponding to
the distribution of the trap depths. These peaks can be
separated by using a technique called step heating
which consists of measuring the TSC while the sample is
heated to successively higher temperatures in steps. After
each step the sample is cooled back to the lowest tempera-
ture. The carriers from deeper traps are liberated
progressively and the logarithmic plot of the TSC as a
function of 1/T is expected to yield a straight line for
each step. Its slope is directly related to the trap depth.
Other methods of analyzing the TSC data use the peak
position and their detailed shape.

TSC measurements, in the case of disordered solids,
have been done mainly on chalcogenide glasses and have
not yielded much information. ' ' This is mainly because
the carriers in the chalcogenide glasses usually have a
small drift range (Schubweg) and also their drift mobility

is small. ' ' a-Si:H, which is relatively free from these
difficulties, has rec'ently been studied with this tech-
nique. ' However, the results and interpretation of
TSC from various groups differ.

In the present case a detailed study of TSC in a-Si:H in
the temperature range 30& T&300 K is reported. The
experimental setup is described in Sec. II. Section III con-
tains the analysis of the TSC measurements for a single
trap level as well as for a continuous distribution of traps.
In Sec. IV we give the results of the TSC measurements in
heat-dried and light-soaked states in a-Si:H. In the inter-
pretation of these results in Sec. VD, it is suggested that
the observed structure in TSC does not necessarily imply a
structure in the distribution of localized states (DOLS) in
a-Si:H.

II. EXPERIMENTAL

Well-characterized samples of undoped a-Si:H prepared
by the glow-discharge method having a pair of nichroine
electrodes were used for the TSC measurements. The
sample temperature could be varied between 30 and 300 K
using a closed-cycle helium refrigerator. Teflon feed-
throughs were used to reduce the leakage current. The
sample could be cooled in darkness to 30 K. At this tem-
perature a red light (A, =670 nm, F=30 mW/cm ) was
shone on the sample for =30 s. Shorter exposures yielded
the same TSC, showing that the light-induced changes
[Staebler-Wronski (SW) effect] have a negligible effect on
the TSC for this exposure. After waiting for =10 min to
allow the transients to subside, the sample was heated at a
constant rate and the TSC recorded with an electric field
=50 V/cm across the sample.

The TSC and dark currents become comparable near
300 K and thus to separate the TSC peak in this region
two alinost identical samples (prepared in the same run) in
a bridge configuration, shown in Fig. 1, were used. Prior
to each TSC set, the samples were balanced at 300 K us-
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TABLE I. Values of A and B for slow and fast retrapping
cases. q is the electronic charge, n, o is the number of electrons
in traps at t=0, N, is the total number of traps, p is the mobili-

ty of electrons in the conduction band, v is the escape frequency,
z is the lifetime of the electrons, E is the electric field, C is the
cross-sectional area of the sample, and N, is the effective densi-

ty of states in the conduction band.
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FIG. 1. Bridge configuration used for resolving the TSC peak
at T=300 K. dI(T)

dT
=0, (2)

ing a 9-V battery and cooled in darkness. The difference
between the currents of the unexcited samples (called the
error signal) was measured from 120 to 300 K as the sam-
ples were heated at a constant rate P. For TSC, they were
cooled in darkness and one of them was excited with a red
light at 120 K. After waiting for transients to subside,
the samples were heated in darkness at a constant rate P.
The measured current, which ~ the difference in the
currents of the excited sample and the sample in darkness,
was the required TSC.

and 1s

E, gkT
kT P E,

(3)

Equation (3) predicts that the TSC maxima temperature
(T~) will shift towards higher temperature for an in-
crease in P. Also, for temperatures close to T~, the con-
tribution from the integral in Eq. (1) is quite small and
the TSC at maxima can be approximated as

III. THEORY OF TSC

A. Single trap analysis

The simplest case is for the material in which only one
trap level is contributing to the TSC at a time. Although
a-Si:H has traps distributed throughout the mobility gap,

. it appears justifiable to use the single trap 6.nalysis to cal-
culate the trapping parameters of a-Si:H, in view of the
analysis of Simmons et al. (cf. Sec. IIIB). We summa-
rize the results for a single trap level, in the slow and fast
retrapping limits, and show how the trap parameters can
be obtained in this simple case.

Slow retrapping means that the probability of recapture
of thermally liberated carriers by traps is much smaller
than recombination, whereas in fast retrapping the recom-
bination probability is small as compared to the recap-
ture. Both cases have been treated in the literature, and
one finds that the TSC for a material with a single trap
level in the fast as well as the slow retrapping case is given
by a general equation,

BI(T)=A exp' — —— exp — dT
kT P To kT

where A and B are dependent on the trapping parameters
and given in Table I. E, is the trap depth, P is the heating
rate, To is the initial temperature, and k is the Boltzmann
constant. At a time t after the heating has started, the
temperature T = Tp+ f3t.

From Eq. (1) the condition of maxima in TSC (i.e., a
peak in TSC) can be obtained by using the condition

(4)

In the literature one normally uses Eqs. (3) and (4) to
obtain the trap depth. Two experimental techniques are
used.

1. Initial rise method (Ref. 9)

If T is not far from Tp, the integral in Eq. (1) may be
neglected to obtain

I(T)=A exp kT

Thus by heating the sample to a temperature T which
is not much greater than Tp the slope of lnI versus 1/T
should yield E,. Since A does not affect the slope, the
value obtained will be independent of the trapping kinet-
1cs.

2. Variation of heating rate

By performing the experiment with different heat rates,
Eqs. (3) and (4) can be used to obtain the trap depth E, as
follows:

(a) If two heat rates P~ and P2 are used, Eq. (3) gives

(6)
T1m T2m PpT )~

(b) A plot of 1 (Tn/P~) versus 1/T~ should be a
straight line whose slope is related to E,.

(c) From Eq. (4), if E, /kTm »1, a plot of lnI(T~)
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versus 1/T is a straight line for different heat rates with
slope E,.

It is interesting to note that in these cases the trap
depth obtained does not depend on the trapping kinetics,
since the constants A and 8 do not play any role in this
analysis. Whereas it may appear to be advantageous to
use these methods when the trapping kinetics are not
known, in order to obtain the trap parameters (other than
E,) one must know which of the two cases (whether fast
or slow retrapping) is applicable. In principle it should be
possible to decide between the two alternatives for trap-
ping kinetics by looking at the detailed shape of TSC and
comparing it with Eq. (1). Lushick" has shown that for
fast retrapping,

kTm
yp

m

where T' is the temperature at which TSC is half of its
maximum value in the decay region of TSC. In practice,
such detailed comparison is usually not possible, since for
T & T other peaks usually start appearing. Garlick and
Gibson described two ways of distinguishing between
slow and fast retrapping.

a. Decay of TSC Heatin. g is stopped during the TSC
measurements at a temperature T and the decay of TSC is
observed with time. It is argued that the decay will be
exponential for slow retrapping and hyperbolic for the
fast case. However, this holds only for the case of a single
trap level. For an exponential distribution of traps, a hy-
perbolic decay will be observed even in the case of slow re-
trapping.

b Shape of. the TSC peak. It can be argued that in the
case of slow retrapping, the shape of TSC is independent
of n, o (i.e., initial excitation conditions, such as tempera-
ture of excitation, intensity and wavelength of excitation,
etc.). However, it should depend on n, o if strong retrap-
ping takes place. Thus it does not seem to be easy to find
out which of the two extreme cases discussed here is im-
portant by only measuring the TSC, and one needs infor-
mation from the other experiments before one can deter-
mine the trap parameters, other than the trap depth, with
any confidence.

B. TSC for a continuous distribution of traps

The problem of thermally stimulated currents in ma-
terials having a continuous distribution of traps has been
taken up by Simmons et al. They consider a distribu-
tion of traps g(E) from an intrinsic level E; to the
conduction-band edge E, and assume that the retrapping
is negligible. The recombination is also neglected since it
is assumed that the field is high enough to sweep out all
the carriers before they recombine. With these assump-
tions the corresponding TSC is given as

E
I(T)= ,'qdC f, fo(E)g(E-)P(E, T)dE, . (7)

where d is the spacing between the electrodes, q is elec-
tronic charge, fo(E) is initial occupancy probability, C is
the cross-sectional area of the sample, and the function
P (E,T) is given by

P(E, T)=vexp — —— vexpkT p ro
dT

where D is a constant and is only very slightly tempera-
ture dependent.

Equation (9) implies that TSC provides a direct image
of the occupied trap distribution after initial excitation,
i.e., fo(E)g (E). Further, the escape frequency (v) accord-
ing to ihe model for a system with continuous traps is
given as

v= 10

with

F= —1.66,
( T2m glOP2 Tlm g10P1)

2m 1m
(10)

where p1 and p2 are two heating rates and T1 and T2
are the corresponding temperatures at the maxima.

IV. RESULTS

State A is reached after annealing the a-Si:H sample at
150'C for 2 h and 8 is after an exposure to AM1 (Air
Mass 1) light for 2 h in vacuum. Figure 2 shows the TSC
for a typical a-Si:H sample, (solid curves A and 8) along
with respective dark currents (dashed curves A and 8) in
states A and 8. In state A, the TSC shows a peak at low
temperature and then increases monotonically up to 300
K. A peak exists near 300 K also, but cannot be seen in
this experiment because of the large dark current. The
TSC is considerably reduced in state 8, and in the sample
which shows a large SW effect, the low-temperature peak
is reduced below the limit of detection. These results are
in agreement with others. ' ' If the vacuum is poor
(=10 ' Torr), an additional peak at =200 K appears.
This peak is observed even without exciting the sample
with light at low temperature. It is probably caused by
adsorbates in the poor vacuum, since when the vacuum of
the system is better (=10 Torr) the peak does not ap-
pear."

A. Intensity dependence of the TSC peak ( = 120 K)

The effect of varying the relative intensity of excitation
on the TSC peak at T=120 K is shown in Fig. 3. The

(&)

The function P(E, T) exhibits a pronounced narrow
peak whose position E~„depends on T and it has a half
width of 2kT. This important result clearly means that
during the thermal scan of the sample in TSC, it is those
traps positioned within 2kT of E „which contribute sig-
nificantly to the current at a certain temperature. Thus
single trap analysis to a-Si:H may be applied since the
continuous distribution of traps in the band gap can be
thought of as being made up of discrete levels, each with a
half width of =2kT. Further, Simmons et a/. have
shown that TSC in samples which contain a continuous
distribution of traps is proportional to the initial occupan-
cy, i.e.,

I(T)= , qdCDf—o(E)g(E „),
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FIG. 2. TSC and dark currents in a-Si:H in heat-dried {A)
and after-SW-effect {S) states.

TSC does not change appreciably upon changing the in-
tensity from Fc to 10 Fz (Fc-30 mW/cm ). Below
10 Fc, however, the height of the peak reduces with in-
tensity but the position of the peak remains unchanged.

B. Dependence of the TSC peak ( = 120 K)
on the wavelength of excitation

To check whether the peak near 120 K arises from the
surface or the bulk, lights of different wavelengths (A, )

FIG. 4. Dependence of the TSC peak near 120 K in a-Si:H in
the heat-dried state (A) on the wavelength (A, ) of excitation.
The intensity of the TSC peak is highest for band-gap light
(A, =670 nm) and for the highest-energy light (A, =400 nm) the
TSC peak reduces to a shoulder.

were used for excitation of the sample, in state A. The re-
sults are shown in Fig. 4. The intensities of various wave-
lengths were high enough that the TSC lay in the satura-
tion region (i.e., between Fc and 10 Fc). It can be seen
that the height of the peak is largest for red light (A, =670
nm), and that the peak reduces to a shoulder for violet
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FIG. 3. Dependence of the TSC peak near =120 K in a-Si:H
in heat-dried state {A) on the intensity of excitation. For inten-
sities 10 Fo to Fo (Fo——30 mW/cm ), the sample is'in the
saturation region of TSC.

FIG. 5. Electric field (applied across the sample for collecting
the carriers) dependence of TSC peak near 120 K in a-Si:H [in
heat-dried state (A)]. The electric field at which the TSC satu-
rates is =100V/cm.
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FIG. 6. Plot, of I(Tm) vs applied electric field for collection
for peak =120 K.

FIG. 8. Plots of lnI vs 10 /T for various steps of step-
heating analysis in a-Si:H in the heat-dried state (A) for
50& T(200 K. After each step the sample is cooled back in
darkness to 30 K {TQ).

D. Results in bridge configuration

light (A, =400 nm). From this it appears that the dom-
inant contribution to the TSC is from the bulk.

C. Electric field ( E) dependence of TSC peak ( = 120 K)

A saturation of TSC is observed when the collection
field is about 100 V/cm, as shown in Fig. 5, and in the
plot of TSC at T versus E in Fig. 6.

As shown in Fig. 2, the TSC and the dark currents be-
come comparable near 300 K, and therefore the TSC peak
in this region is resolved by using the bridge configura-
tion' described in Sec. II (Fig. 1). Figure 7 shows the re-
sults. The technique allows us to see clearly, for the first
time, this peak near 300 K whose position and height de-
pend on the heating rate P. Curve E shows the error sig-
nal of the samples in darkness and is negligible in compar-
ison to TSC.

60
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V. DISCUSSION AND CONCLUSIONS

A. Step heating

To test whether a-Si:H contains a discrete or a continu-
ous DOLS, the step-heating analysis, described in Sec. I,
was employed. The results are shown in Fig. 8 (for the
low-T region) and 9 (for the high-T~ region using the
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FIG. 7. TSC peak at =300 K observed using two almost
identical samples in a bridge configuration in the heat-dried
state (A). The heating-rate dependence of the peak is also
shown.

FIG. 9. Plots of lnI vs 103fT for various steps of step-
heating analysis in a-Si:H in heat-dried state ( A) in bridge con-
figuration (in the temperature range 250& T&300 -K). After
each step the sample is cooled back in darkness to 120 K {TQ).
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bridge). The plots of lnI versus 10 /T were found to be
straight lines with slopes ranging from 0.02 to 0.62 eV
(i.e., the dark values of EF). It is evident from these re-
sults that a-Si:H contains a continuous distribution of
traps in the upper half of mobility gap.

[E „(T)] being probed. In view of this it appears
worthwhile to first analyze the TSC results in a-Si:H with
one trap-level model. Let us calculate the trap depth for
the two peaks.

The results of a heat-rate analysis for the low-.

temperature peak are shown in Fig. 10 and for the high-
temperature peak in Fig. 7. The plots of lnI(Tm) versus
10 /T for various heating rates are straight lines (Fig.
11). The slopes are 0.16 and 0.60 eV for the low- and
high-temperature peaks, respectively. This implies that
the states contributing the most to these TSC peaks are
expected to be those which are within 2kT of 0.16 and
0.60 eV below E, . Plots of T /P versus 1/T also yield
straight lines which give similar values for the trap depth.
It may be mentioned that these methods used for deter-
mination of trap depths are independent of the trapping
kinetics.

Using Eqs. (3) and (4) the values of A and B are calcu-
lated to be =10 and 10, respectively, for the low-
temperature peak and 10 ' and 10 for the high-
temperature peak. Since the retrapping kinetics are not
known, the values of the parameters n, o, K„and v cannot
be determined unambiguously. However, it appears from
these calculations that retrapping plays an important role
in a-Si:H at low temperature.

0-»333
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250

B. Analysis of TSC peaks

Simmons et a/ have .pointed out that for a sample
containing a continuous distribution of traps, the max-
imum contribution to TSC at a certain temperature comes
mainly from the traps which lie within 2kT of the energy

C. Decay of TSC peak ( = 120 K)

The decay of the TSC (Ref. 9) peak near T= 120 K is
shown in Fig. 12. In this experiment the sample (after ex-
citation) is heated at a constant rate (P=O. 17 K s ') and
the temperature of the sample is held constant near the
peak temperature (=120 K). The decay of the TSC with
time is then measured. Curve 1 in Fig. 12 is the TSC
without decay and curve 2 is the decay of the TSC with
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FIG. 11. (a) Plot of lnI(T ) vs 10 /T for three different
heating rates used for analysis of the TSC peak at 120 K. (b)
Plot of lnI(T ) vs 10 /T for four different heating rates used
for analysis of the TSC peak at =300 K.
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FICx. 12. Decay of the TSC peak at =120 K in a-Si:H in
heat-dried state ( A).
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time at =120 K. After letting TSC decay for about 10
min, the sample is cooled back to 30 K in darkness and
the TSC subsequently measured (curve 3). The TSC after
decay is found to be considerably reduced near 120 K and
below. From the slope of the initial part of the decay
curve (2) the titne constant (~, ) and the escape frequency
(v) of the traps can be estimated, ' if retrapping is
neglected and the single-peak analysis is assumed to be
valid. ~, is given by

1
exp (11)

V

Using E, =0.16 eV the value of v is found to be =10
s ' which is quite small as compared to the values ob-
served normally in crystalline semiconductors' (=10
—10' s '). This small value of v suggests that the retrap-
ping is quite significant in a-Si:H at low temperatures.

D. Origin of the structure in TSC in a-Si:H

Although structure in the TSC in the form of peaks has
been reported by various authors for a-Si:H, 's 2z its ori-
gin is not yet fully understood. Fuhs and Milleville' have
attributed it to the structure in the DOLS reported by
Spear and LeComber. The TSC peak at T=150 K is
ascribed by them to a peak observed near 0.4 eV below E,
in the DOLS (Ref. 26) and the peak at 250 K to the struc-
ture in the DOLS about 0.6 eV below E,. Chenevas-
Paule and Dijon' also found two TSC peaks, one near
130 K and the other at =260 K. They have attributed
them to the presence of quasidiscrete levels in the gap.
Yamaguchi has observed only one peak near =100 K
and argued that the peak at =240 K is caused by adsor-
bates. Yamaguchi has attributed the peak at =100 K to
the presence of a hole trap level about 0.2 eV above the
valence band. Ibaraki and Fritzsche ' observed a pro-
nounced structure near 160 K and. explained their results
in terms of the multiple-trapping theory. They have
concluded that the structure in the TSC does not signify a
structure in the DOLS. All authors have observed a
strong'decrease in the TSC after light-induced changes
(SW effect), however, no satisfactory explanation has been
offered for this.

The TSC in the present case shows two peaks; one at
=120 K and the other at =300 K. The low-temperature
peak in our opinion is the same as the one reported by oth-
ers. 's ' The peak near =300 K (which has been ob-
served by us) is probably present in all other studies also,
but might not have been observed due to a large dark
current near this temperature. The appearance of a peak
near =300 K which corresponds to states near the Fermi
level is understandable. However, the origin of the low- T
peak is not clear. It does not correspond directly' to the
DOLS structure reported by Spear and LeComber since
the energy of the localized states responsible for this peak
is =0.16 eV below E„whereas the DOLS structure is
=0.4 eV below E, . The low- T peak can also not be relat-
ed to the presence of quasidiscrete levels' because the
step-heating analysis (Sec. V A) shows that there is a con-
tinuous distribution of traps. The possibility that the
peak at low T arises from the contribution of surface

states to TSC is ruled out by the wavelength dependence,
as discussed in Sec. IVB. In Sec. IIIB, it was pointed
out that in a material- which has a continuous distribution
of states (e.g., a-Si:H), the observed TSC is expected to be
a direct reflection of the initially occupied DOLS in the
excited state. This result, although obtained by Simmons
et a1. "in the limit of no retrapping, seems to hold quali-
tatively in the fast retrapping case also. Thus if there is
a peak in the initially occupied DOLS, the corresponding
TSC peak can be expected even though there is no peak in
the DOLS. We show below that the product of a fast ris-
ing DOLS and an exponentially decaying occupation
function fo(E) might be responsible for the low-T peak.
Neglecting the hole contribution, the electron occupancy
function fo(E) above EF ts given by

fo(E)= [1+exp(E Ef„)/k T—] ', (12)
Rn+p

where R is the ratio of the electron to the hole capture
rates and Ef„ is the quasi Fermi level for electrons after
excitation at low temperature. Figure 13(a) shows fo(E)
for Ef„=0.17 eV, T=30 K (curve I), Ef„=0.21 eV,
T=80 K (curve II), and Ef„=0.48 eV, T=200 K (curve
III). Taking the DOLS g(E) [Fig. 13(b), solid curve]
which is identical to the Spear and LeComber plot be-
tween EF and 0.2 eV and is slightly modified in the region
close to E„ the corresponding density of occupied states
fp(E)g (E) is obtained [Fig. 13(b), dashed lines I, II, and
III]. It shows, in addition to the peak at 0.4 eV corre-
sponding to the peak in g (E), another peak near 0.16 eV.
Since g(E) increases rapidly and fo(E) decays exponen-
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tially as a function of- E in this region, the product
fo(E)g(E) has a peak at =0.16 eV although g(E) does
not have a peak at this energy. Thus, according to Eq. (9),
a corresponding peak is expected in TSC.

It should be noted that the position of this peak should
not depend upon Ef„[see Fig. 13(b)] so long as

Eg Efg ~
)0.16 eV. Ef„ is changed by changing the

intensity of excitation and it is found that this results in a
lower TSC peak but its position is unchanged as expected
(see Fig. 3). However, no TSC peak corresponding to the
0.4-eV peak in g (E) is observed. Retrapping can possibly
obliterate it. Retrapping seems to be quite significant in
a-Si:H especially at low temperatures. Further, it is possi-

ble that the SW effect may decrease the sharpness in g (E)
by creating more states in tbe gap. Since the low-T peak
might arise because of sharply rising DOI.S near band
tails, the decrease in sharpness may give a smaller peak or
no peak at all.
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