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Transient photocharge measurements and electron emission from deep levels in undoped a-Si:H
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We report transient photocurrent and photocharge measurements in several undoped hydrogenated

amorphous silicon (a-Si:H) specimens in the time domain from 10 ns to 50 s; transients were measured

using coplanar electrodes between 260 and 380 K. The photocharge measurements exhibit three features

which we identify with electron deep trapping, trap emission, and recombination. We analyzed the typi-

cal emission times to obtain the activation energy and frequency prefactor. The activation energy varied

between 0.4 and 0.6 eV for different specimens; the frequency prefactor varied exponentially with activa-

tion energy ("Meyer-Neldel" behavior). We discuss the Meyer-Neldel dependence in terms of a tempera-

ture shift of D-center levels with respect to the transport edge. The emission time observations also ac-

count for the large difference between electron mobility-lifetime products estimated from time-of-Bight

and steady-state photocurrent measurements.

I. INTRODUCTION

In the last decade, the research of several groups has
established a reasonably straightforward picture for the
evolution of photogenerated electrons in undoped hydro-
genated amorphous silicon (a-Si:H). At the earliest times
electrons thermalize with exponentially distributed con-
duction bandtail states. ' They are subsequently trapped
by deep levels, which are usually identified with the D
center observed by electron-spin resonance. Ap-
parently, the electrons are reemitted from the traps at
still later times, and after many trapping-detrapping cy-
cles they finally recombine.

Although this picture is simple, and accounts well for
several aspects of photoconductivity, it cannot be con-
sidered conclusively established. In particular, the re-

emission stage has not been clearly observed, and its ex-

istence has been, in effect, interpolated from early and

long time measurements. The fact that a clear emis-

sion time has not been measured using transient photo-
current measurements is at least mildly surprising, since
several groups have reported measurements spanning the
temporal range 10 —10 s. '

We have found that transient photocharge measure-
ments do reveal an emission time —even when transient
photocurrent measurements do not. This peculiarity ob-
tains even for the simplest "multiple-trapping" model of
photoconductivity. In this model the specimen conduc-
tivity, and hence the photocurrent, reflects only the den-

sity of mobile carriers above a band edge. After photo-
generation, electrons are first trapped by a discrete level,
and only recombine following emission at later times.
Figure 1 shows the forms for a transient photocurrent
I(t) and the transient photocharge Q (t) following a short

photo generation impulse calculated analytically using
this model. The mathematical details have been pub-
lished elsewhere. ' ' The photocurrent transient clear-
ly shows trapping at time tz. Before t~ all photocarriers
contribute to the photocurrent, whereas following tz- only
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FIG. 1. (a) Transient photocurrent I(t) and (b) transient pho-
tocharge Q(t) corresponding to the monoenergetic trap model

discussed in the text. We indicate with arrows the characteris-
tic deep-trapping time t~, emission time tE, and recombination
response time t„.

the relatively small density of mobile carriers established
by the competition of trapping and reemission contribute
to the current. The recombination response time t„is
also indicated, but the feature we wish to emphasize is
that the trap emission time (denoted tz in the figure) is
not apparent. This point has been emphasized by
Marshall and Main, who explained that a Boltzmann
distribution of carriers between the conduction band and
the trap is established at tz-, and that there is no thermali-
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zation feature at the emission time.
The simple expedient of integrating I(t) to obtain the

photocharge Q(t} reveals the emission time clearly
enough for this model. The photocharge is proportional
to the time-integrated density of mobile photocarriers.
The value of Q(t) reached by tT is proportional to the
product of the total density of photocarriers and the
mean trapping time. In order to double the value of Q (t)
one must wait for the emission time, so that a carrier typ-
ically undergoes two trapping cycles. The large gap be-
tween tr and tE explains the broad plateau in Q(t) and
the clear delineation of tE.

Although defects in a-Si:H are better described by a
distribution of trap emission times than by the single time
in this model, the photocurrent and photocharge mea-
surements we have made appear to show features which
are qualitatively similar. In Fig. 2 we have presented
some of our transient photocurrent and photocharge data
taken using "gap cell" or coplanar electrodes. The mea-
surements reflect the motion of electrons; additional ex-
perimental details will be presented subsequently. A
careful inspection of the Q(t} measurements appears to
reveal an emission time feature; we encourage the reader
to examine the measurements by placing her (or his) eyes
(and head) next to the page.

We have also examined models for transient photo-
currents and photocharges using a spread of trap depths
and emission times. This refinement accounts for the
most apparent difference between the model of Fig. 1 and
the data of Fig. 2, which is the subunity power law
describing the increase of the photocharge following tE in
the a-Si:H measurements. The model with a single trap
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FIG. 2. (a) Transient photocurrent I(t) and (b) transient pho-
tocharge Q(t) corresponding to an a-Si:H specimen at room
temperature. We indicate with arrows the characteristic deep-
trapping time tT and the emission time tE. The emission time tE
is taken to be the time given by the intersection of the two lines
illustrated.

level yields a linear rise of Q(t) following emission. We
attribute this aspect to exponential tails around the peak
energy of the defect level; the energy parameter of the ex-
ponential is about 50 meV, corresponding to a width of
the energy distribution of about 0.15 eV. Some approxi-
mate analytical calculations have been reported previous-
ly; ' essentially exact numerical simulations will be
published elsewhere.

In this paper we present temperature-dependent, tran-
sient photocharge measurements for several specimens of
undoped a-Si:H. We found that a single photocharge
transient —spanning the time range between 10 ns and
50 s—exhibits the complete sequence of transport events:
band transport, deep trapping, subsequent thermal emis-
sion of deep-trapped carriers, and then finally recombina-
tion.

We have estimated the activation energy and the fre-
quency prefactor vo associated with the emission time
feature; we attribute these to the properties of defects
near the peak of the trap energy distribution. We con-
cluded that this trap distribution in a-Si:H is not a
monolithic entity, but varies significantly between speci-
mens. For the four specimens reported here the activa-
tion energy varied between 0.4 and 0.6 eV. Additionally,
the prefactor showed an exponential "Meyer-Neldel"
dependence upon the activation energy. ' To explain
this behavior we suggest a mechanism of temperature
dependence of the energy of the trap with respect to the
mobility edge.

We also consider these emission time measurements to
be important in a second context, which is the interpreta-
tion of mobility-lifetime product estimates in undoped a-
Si:H. In particular there is about two orders of magni-
tude difference between the electron deep-trapping
mobility-lifetime product estimated from charge-
collection experiments, and the steady-state mobility-
lifetime product derived from steady-state photoconduc-
tivity. ' For the measurements reported here we are
able to show conclusively that this effect is due entirely to
the different time scales of the charge-collection and
steady-state measurements, and thereby exclude several
other proposed mechanisms for it. '

This paper is organized as follows. In Sec. II we give
an introduction to mobility-lifetime products and their
relationship to photocurrent and photocharge measure-
rnents. In Sec. III we describe the specimens and the ex-
perimental methods used for the transient photocharge
measurements. In Sec. IV we present our experimental
results on transient photocharges for several specimens of
varying defect densities. In Sec. V we present our
analysis of the photocharge transients in terms of a trap
emission time; from the temperature dependence we esti-
mate the mean depth of the deep trap and an associated
frequency prefactor vo. We also report a Meyer-Neldel
relation which is found to exist between the prefactor fre-
quency and the mean depth of the trap. In Sec. VI we
present our experimental estimates of mobility-lifetime
products from transient photocharge measurements and
fram steady-state photocanductivity experirn. ents. Final-
ly in Sec. VII we briefly discuss possible scenarios for the
evolution of holes in a-Si:H.
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II. MOBILITY-LIFETIME PRODUCTS
UNDER TRANSIENT AND STEADY-STATE

CONDITIONS

In a transient photocharge experiment the transient
photocharge Q(t) collected in the external circuit at time
t after photogeneration provides an estimate of the aver-
age distance x(t) the photocarriers have drifted since
photogeneration. A simple expression is obtained when
the energy supplies by the external bias is equated with
the work done by a uniform electric field E in moving the
mean position of the total photocarrier charge Qo a dis-
tance x (t):

x(t) Q(t)
d Qo

(2)

Assuming that the displacement x(t) is proportional to
E, we define the ratio x (t)/E as the displacibility

()= ()
E (3)

Expressing g(t) in terms of the measured photocharge
Q(t) weobtain

g(&) =Q(t) =Q(&)
0 0

The transient photocharge measurements presented in
this paper will be normalized by multiplying by d /Qo V;

the product has the dimensions of a mobility-lifetime
product p~. This normalization is obviously a convenient
way to avoid trivial dependences upon interelectrode dis-
tance d, electric field E, and total photocarrier charge Qo.
Additionally, g(t)=Q(t)(d /QOV) is closely related to
both mobility-lifetime products commonly reported in a-
Si:H. First, Q(t)(d /QOV) evaluated at 10 ps is com-
pletely equivalent to the deep-trapping mobility-lifetime
product measured using the "charge-collection" tech-
nique (using the conventional 10-ps integration time); this
equivalence is expected analytically, and is confirmed by
experimental comparison of the two views. ' '

Second, we can show that g( ~ ) is equivalent to a steady-
state mobility-lifetime product pv;, .

The standard definition of p~„is cr h=eGp~„, where
o h is the photoconductivity, e the electronic charge, and
G the volume photogeneration rate. A short calculation
permits this equation to be recast into a somewhat more
general form:

Q(t)V=Qox(r)E .

Taking E = V/d, where d is the spacing between the elec-
trodes, we obtain

thickness. Notice the similarity of Eq. (4) with (5): the
steady-state mobility-lifetime product p~„characterizes
the response of the specimen to a steady-state generation
current "to," while the displacibility j(t) will be related
to the charge response of the specimen to a single photo-
generation pulse "Qo." A short calculation given else-
where ' shows that pr„can be identified with g( ~ )

when photocurrents depend linearly upon photogenera-
tion.

III. SPECIMENS AND EXPERIMENTAL METHODS

Hydrogenated amorphous silicon a-Si:H specimens
were deposited at Syracuse University using a commer-
cial (Plasma Technology, Inc. "Plasmalab") 13.56-MHz
rf plasma reactor operating with 200 mT of pure silane
gas at 5 W of rf power. Specimens where deposited onto
Corning 7059 glass substrates; substrate temperatures
were varied from 150 to 350'C. The densities of
paramagnetic dangling centers were measured using elec-
tron spin-resonance spectroscopy. The specimen prop-
erties are collected in Table I.

Standard wide-gap cop/anar contacts were evaporated
onto the a-Si:H film following deposition. The gap be-
tween the electrodes was 500 pm. Aluminum was used
for the low defect specimens and chromium for more de-
fective ones.

The electrode structure was illuminated by a pulsed
(3-ns) nitrogen-laser pumped dye laser (Laser Science,
Inc. ). Wavelengths between 590 and 620 nm were used;
for these wavelengths the typical absorption lengths
range from 0.1 to 0.5 pm. The laser intensity incident
upon the specimen was calibrated using an auxiliary crys-
talline silicon p-i-n diode and the manufacturer's
specifications.

Transient photocurrent and photocharge measure-
ments were performed using an apparatus shown

TABLE I. Properties of the specimens: T, is the substrate
deposition temperature, d is the thickness of the specimens, N~
is the density of spins measured with ESR, and p~, , is the elec-
tron deep-trapping mobility-lifetime product. p~„is the elec-
tron steady-state mobility-lifetime product estimated from
steady-state photoconductivity under illumination F=-2X10"
photons/cm s. pv, , and pv;, have been estimated at room tem-
perature. Specimen number 5 was deposited originally at 150'C
then annealed at 225'C for 1 h and 30 min and finally quenched
at room temperature. The above specimens numbers 1, 2, 3, 4,
5, 6 have also appeared under the coding NOVAN, 314LS,
413AN, 46AN, 150TR, 200C, respectively in Ref. 35.

pcs ~ ss
&oV

(5)

Here i
„

is the steady-state photocurrent measured in the
bias circuit. io is the "photogeneration current" (the
charge photogenerated throughout the structure per unit
time), which for homogeneous illumination is the product
eGA/, where 3 is the illuminated area and I the sample

250 3.3
350 2 0
195 1.5
160 0.9
225 2. 1

200 2.4

—3X 10"
1.4x10"
1 ~ 2x10"
3.9x10"

T, d Ns
Specimen ('C) (pm) (spins/cm )

P&e, r

(crn /V)

2.3 X 10
5.2x10 '
6.9x10-'
6.8x10-"
1.7x10-'
1.2x10 '

P ~ss

(cm /V)

2.9x10-
1.4x10 -'

6. 1x 10-'
3.1x10 '
3.2x10-'
9.7x10 '
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laser
IV. TRANSIENT PHOTOCHARGE

MEASUREMENTS

7 VDC
sample

V V

FIG. 3. Schematics for the transient photocharge measure-
ments. The geometry of the substrate (Corning 7059) and of the
coplanar electrodes evaporated onto the a-Si:H are shown. VDc
is the externally dc applied voltage; I(t) is the transient photo-
current; ib is the opposing steady-state current; C and R are the
input capacitor and resistance, respectively.

schematically in Fig. 3. The amplifier output was record-
ed using a digital oscilloscope (LeCroy, Inc. model 9400)
and downloaded to a computer. The laser intensity fluc-

tuated about 15—20% between pulses; we averaged be-

tween 20 and 200 transients to obtain our reported re-
sults.

For times t &&RC the system records the photocharge
transient; for t &)RC the system records a photocurrent.
We varied R, C, the particular amplifier, and the
amplifier's frequency filter settings depending upon the

type of measurement (photocurrent or photocharge) and
the desired time domain.

We reduced the incident laser intensity until photo-
charge or photocurrent responses were linear in intensity;
the photon flux incident upon the specimen was typically
less than 10'2 photons/cm in each pulse. We also
verified that the laser repetition rate was sufficiently low

not to affect transient measurements to within our nomi-
nal reproducibility of 5 —10%; the acceptable rate varied
according to the particular delay time, specimen, and
temperature. During the photocharge measurement the
specimen was kept in the dark to avoid optical bias
effects' ' from accidental room light illumination.

We used a dc voltage bias; photocurrents and photo-
voltages were linear with the voltage for all results
presented here. We have developed techniques based
upon displacement charge measurements in response to
voltage steps to diagnose whether significant space charge
was stored in electrode regions of the specimen under
voltage bias; the measurements are reported elsewhere.
When this excess space charge was negligible compared
to the charge expected simply from the geometrical ca-
pacitance (the product CV), the photocharge was propor-
tional to the bias voltage. When the excess space charge
was comparable to the geometrical charge the photo-
charge measurements were seriously non-Ohmic. We
conclude that the electric field between the electrodes was
V/d to within 10% or better for the reported measure-
ments.

For photocharge measurements for very long times
and at higher temperatures the accumulation of charge
upon the integrating capacitor due to the dark currents
in the specimen were significant. We circumvented this
difficulty by sinking the dark current into a constant
current source ib (cf. Fig. 3).

A. Spin-density dependence

In Fig. 4 the normalized transient photocharge
Q(t)(d /QoV) is plotted for four a-Si:H specimens of
widely varying spin density in the time range between 10
ns and 45 s. The measurements were at room tempera-
ture. The total photocarrier charge Qo was estimated
from the incident laser intensity and a correction for the
specimen's reflectivity; absorption of the laser was essen-
tially complete, and we assumed the quantum efficiency
for photocarrier generation to be close to unity.

The specimen number 1 (cf. Table I) is a low defect
density material. The specimen number 2 is a low defect
material similar to the above but it has been light soaked
for two hours under 300 mW/cm of white light illumina-
tion (type ENH halogen-tungsten bulb). The two lower
curves (specimens 3 and 4) correspond to specimens de-

posited under suboptimal deposition conditions.
We interpret these data as estimates of the ratio of the

drift of a photocarrier and the electric field x (t)/E [cf.
Eqs. (3) and (4)]; for convenience we refer to the ratio
x (t)/E as a displacibility g(t). We attribute this drift en-

tirely to electron motion; as we show subsequently, this
attribution is consistent with other measurements of elec-
tron drift.

The time dependence of Q(t)(d /QOV) can be readily
interpreted using the stages of electron photocarrier evo-
lution described in the introduction. The approximately
linear rise at early times for the two best specimens corre-
sponds to the bandtail multiple-trapping regime. In this
regime we have p —[x ( t) /E ]/t =Q( t)(d /Qo V ) /t We.
estimate an electron drift mobility of about 0.5 crn /Vs
for both specimens. This value agrees with standard
time-of-flight measurements on electrons in a-Si:H.'
For the two poorer specimens we are unable to estimate
the bandtail drift mobility. We cannot exclude series
resistance effects as an explanation for the early time
features (t —10 s) for these latter two specimens; photo-
charge measurements with an integrating capacitor are
somewhat more sensitive to these effects than standard
photocurrent measurements using a 50-Q impedance
amplifier.

The first stage is terminated at a broad plateau as indi-
cated by the arrows labeled tz-,' electrons are "deep
trapped" at about tz-. Note that tz- occurs at earlier times
for specimens with increasing spin density, consistent
with the assignment of tz- to deep trapping. For example,
tz for the best quality specimen is around 600 ns while
for the worst specimen it has been reduced to less than 10
ns.

Following deep trapping the photocarriers are relative-
ly immobile and further increase in Q(t)(d /Qo V) is not
significant until the "kink" labeled tE. We show below
that tE is thermally activated, as anticipated for an emis-
sion time.

It is instructive to calculate the actual drift of the elec-
trons represented in Fig. 4. The field was 100 V/cm for
the uppermost curve; for Q(t)(d /Qo V)=10 cm V we
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FIG. 4. Normalized transient photocharge
Q(t)(d'/QOV) at room temperature for four
different a-Si:H specimens having defect densi-

ties varying between 3 X 10" to 3 X 10"
spins/cm' (the symbols+, A, ~, and T corre-
spond to specimens 1, 2, 3, and 4, respectively,
in Table I). %e indicate the emission times
with arrows. The deep-trapping times for the

top three specimens are also indicated.

estimate x =10 crn, which is somewhat less than the
electrode gap. For the poorer specimens drift was much
less. We can summarize these remarks by the statement
that the photoconductive gain in our measurements was
less than one.

The electron deep-trapping mobility-lifetime product
pv, , usually measured using the "charge-collection" pro-
cedure in standard time-of-flight specimens ' ' can
also be obtained from Q(t)(d /Qo V) measurements such
as those of Fig. 4. In particular Q (t)(d /Qo V) evaluated
at 10 ps is nearly identical with estimates of p~, , ob-
tained by charge collection with a 10-ps integration
time.

In Fig. 5 we illustrate the correlation of pv, , obtained
from our Q(t)(d /QoV) measurements with the spin
density Nz,' the results are an extension of an earlier re-

port from our laboratory. They broadly support the
identification of deep trapping with electron capture by

(6)

B. Temperature dependence

the D . ' ' However, the scatter of these data
exceeds our estimates of the experimental reproducibility,
which suggests that the spin density is not the only speci-
men parameter determining p~, . The best-fit power law

to these data is p~, , ~ Nz
' . This dependence is slightly

stronger than expected for the simplest model

Po

bN S

where the fundamenta1 mobility po and the trapping pa-
rarneter b, would presumably be independent of Ns. For
the lower spin densities of Fig. 5 the value of b, /po is

about 10 V cm. As we shall show shortly, we have evi-
dence that the emission times characteristic of these traps
in undoped a-Si:H do vary between specimens. It is thus
certainly reasonable to speculate that the capture param-
eter b, might also vary somewhat without challenging the
suggestion that the trap be identified with the D center.

10-'
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In this section we present the temperature dependence
of Q(t)(d /QoV) for two specimens. In Fig. 6(a) we

present Q(t)(d /QOV) for the specimen number 3 (cf.
Table I) between 260 and 377 K. The emission times tz,
indicated with arrows, show a strong temperature depen-
dence which will be analyzed in more detail in the next
section. For the 377-K transient we see a second plateau
at late times t —1 s. This plateau is a new feature which

was not apparent in our time range of room temperature.
We establish in Sec. VI B that the value of Q(t)(d /Qo V)
for this second plateau can be identified with the high-

temperature recombination mobility-lifetime product

P~e r-
In Fig. 6(b) we show the Q(t)(d /Qo V) for the speci-

men number 2 (cf. Table I) for two temperatures 295 and

357 K; the general features are similar to those for the

specimen number 3.

FIG. 5. Correlation of electron deep-trapping mobility-

lifetime product LM~, , and spin defect density Nz for a variety of
a-Si:H specimens having defect densities between 3 X 10' to
3 X 10' spins/cm . Deviations from the relation

p~, , =polbtN& {Refs. 2 and 4) are obvious in the graph. The
line shown is the best fit to the data.

V. EMISSION TIMES

A. Observations

Detailed temperature dependence of the transient pho-
tocharge was performed for four specimens deposited at
difFerent deposition conditions (cf. Table I); some of these
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measurements were presented in Fig. 6. From these mea-
surements we estimated an emission time tE for each tem-
perature. We have not found an entirely satisfactory pro-
cedure for estimating tE, in practice, we fitted a power
law to data above and below the emission time kink, and
used the intersection point to estimate tE. The procedure
is illustrated in Fig. 6.

In Fig. 7 we have graphed the inverse of the emission
time 1/tz as a function of the reciprocal temperature
1000/T for these specimens. Note that the data for each
specimen are displaced by factors of 10 to prevent over-
lap. The straight lines drawn through these data are fits
to the form

10

1O',-

E~=v0 exp
E kBT

where v0 is a frequency prefactor, E~ the activation ener-
gy, and kz the Boltzmann constant. The parameters E~
and vo assigned to each specimen are shown in Table II,
and in Fig. 8 we show the correlation of these two param-
eters. The correlation suggests a Meyer-Neldel relation
(MNR) (Refs. 26 and 27) between E„andvo..

E~
vo= voo exp

EM

where EMN=26 meV will be the energy factor of the

10

10

o1 I I I I I I I I I I I I I I I I1
2.5 '3.0 3.5 4.0

1000/T (K

FIG. 7. Thermal emission rate 1/tF versus 1000/T for the
specimens 2, 3, 5, 6. The four sets of data are displaced from
each other for clarity. The straight lines shown are the best fits
to the data. The corresponding activation energies E„aswell
as the frequency prefactors vo are shown in Table II.
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TABLE II. Summary of temperature-dependence measure-

ments: E„is the activation energy of the emission time tF vp is

the frequency prefactor, Ed„k is the activation energy of the
dark current. See text for y and v,„.
Specimen (eV)

Vp

(Hz)
y Edark

( X 10 eV/K) (eV)
+max

(Hz)

2L
34
58
6V

0.60 6.6x10"
0.54 1.6 X 10"
0.55 4.7x10"
0.39 1.6x 10'

1.6
—1.6
—0.7
—5.5

0.70 1.6x 10
0.80 8.2 X 10'
0.75 1.5 x 10"
0.75 1.5 x 10"

Meyer-Neldel relation and voo a MNR prefactor. The
scatter of the data around the proposed Meyer-Neldel
line is comparable to the errors in estimating E„andvo

using the linear regression lines of Fig. 7. We discuss this
interesting effect in the following section.

1 =vexp
—(Ec ED)—

k~T

where v is the attempt-to-escape frequency, Ec is the en-

ergy of the conduction-band transport edge, and ED is
the energy of the deep level. Our measurements suggest
that the properties of the deep level in a-Si:H vary be-
tween specimens. Despite this variability, it seems most
likely to us that the deep level involved is the D center
observed by electron spin resonance (ESR); we base this
statement on the fair correlation of p~, , with Ns and

1 012

1 011

10

V
10

0.4 0.5

(ev)
0.6

FIG. 8. Correlation of the frequency prefactor and the ac-
tivation energy E&, a Meyer-Neldel type relation is obvious
from the graph. Symbols are same as for Fig. 7.

B. Discussion

The deep-trapping and emission data just presented es-
tablish the existence of an electron level 0.4-0.6 eV
below the transport energy in a-Si:H; we assume that the
activation energy for the emission time estimates the
median level depth, based on the model for emission from
a trap

also on the fact that only the signature of the D center
was observed in our specimens by ESR under the mea-
surement conditions.

We do not have a clear understanding of which deposi-
tion parameters and specimen treatments affect E„.The
typical emission times and activation energies we have re-
ported appear to be consistent with recent measurements
in undoped a-Si:H based upon the modulated photo-
current technique. ' This congruence is not surpris-
ing; modulated photocurrent measurements as a function
of frequency are related by Fourier transformation to
transient photocurrent and photocharge measure-
ments. ' ' We are unaware of other measurements
which clearly show the emission process, although there
are numerous estimates of the trap depth based on mod-
eling of other experiments. We note that Leen and
Cohen have recently reported measurements suggesting
that this activation energy may be independent upon the
time scale of the measurements due to slow atomic
configuration changes in the deep level.

In addition, we have reported a Meyer-Neldel type
correlation between this activation energy and the fre-
quency prefactor vo. We shall discuss models relating vo
to the attempt-to-escape frequency v for emission shortly.
For a-Si:H, Meyer-Neldel relations (MNR) (Ref. 26) have
previously been reported for dark electrical conductivity,
thermopower, field-effect conductance, and space-
charge-limited current, as well as for annealing of meta-
stable defects' and diffusion of hydrogen. ' The oc-
currence of a MNR for electronic emission times has not
to our knowledge been reported previously for a-Si:H.

There are two principal views of Meyer-Neldel type
correlations. The first is literal: differences in activation
energy are in fact correlated with differences in the
attempt-to-escape frequencies revealed by the Meyer-
Neldel correlation. This effect is well established for cap-
ture by deep, neutral traps in crystalline silicon. Such a
dependence can be rationalized in terms of the multipho-
non emission processes required for a carrier to be cap-
tured by a trap. The second view of Meyer-Neldel
relations is that the variation in vo is ultimately caused by
temperature-dependent trap depths; the "true" attempt-
to-escape frequency v is temperature and trap depth in-

dependent. Of course both mechanisms may be involved
for a specific defect system.

We believe that the literal view —that the microscopic
attempt-to-escape frequency v varies by more than three
decades —is unlikely. Large variations in v should give
comparable variations in the trapping coeicient b, . It is
commonly assumed that the two parameters are related
by a detailed balance relation v=N&b„where Nc is an
eff'ective conduction-band density of states. Accepting
that the large variation in v is microscopically correct
would invalidate the straightforward interpretation of the
correlation between p,~, , and Nz in Fig. 7:

po @Pc
(10)P ' I N, vN

On the other hand, even if the straightforward interpreta-
tion of the p~, , -N~ correlation is accepted, both the

scatter and the trend of Fig. 5 suggest that the capture
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coefficient b, varied slightly between specimens.
The interpretation of Meyer-Neldel relations based on

thermal shifts of band edges and defect levels works as
follows. We assume that the relative position of the
deep-trap level with respect to the conduction-band edge
6ED( T)=Ec( T) ED—( T) depends upon the tempera-
ture ' according to the following empirical relation:

b ED( T)=bE—D(0) yT—, (11)
where y is a coefficient describing the temperature shift
of band edge and band gap

' and EED(0}the value of
4ED extrapolated to T =0. Substituting this relationship
into the expression for the emission time [Eq. (9) above],
we obtain

hED(T)
=vexp

tE k~T
(12)

hED (0)

k~T
=vexp expy

k~
J

The frequency prefactor vp is thus related to v and y as

vp= v exp (14)
k~

The measured activation energy E„is equal to b ED(0).
If we accept this second view of vp, then we can esti-

mate a value for the coefficient y required to account for
the difference between the prefactor vp and some nominal
attempt-to-escape frequency v which remains constant
between specimens. Assuming v=10' Hz for the micro-
scopic attempt-to-escape frequency we can estimate the
different values of y from

Vpy=k, ln— (15)
V

The suggested values for y are collected in Table II. The
largest value of y is 5.5X10 eV/K. This estimate is
consistent with thermal shifts of the electron mobility
edge measured using internal photoemission, which yield-
ed the range 2X10 to 8X10 eV/K. ' A similar
magnitude is also reported for the temperature depen-
dence of the optical band gap. ' It seems clear that
thermal shifts are sufficiently large to account for most of
the observed variation in vp.

There is nonetheless two troubling features to these in-
terpretations. First, it seems quite surprising that the pa-
rameter b, describing trapping should be fairly constant
when the trap binding energy Ez —ED and its tempera-
ture dependence vary significantly between the four speci-
mens. We are unaware of any similar behavior for crys-
talline defect systems; for crystalline silicon, substantial
changes in b, are associated with changes in deep level
binding energies.

The second troublesome feature is that the convention-
al value of v-10' Hz noted above predicts a feature to
our photocharge transients which we did not observe. In
particular, prior to recombination in the high-
temperature transients we expected to observe "complete
thermalization" of the photocarrier distribution; we are
implicitly assuming that the photocarriers are thermaliz-
ing in a continuous density of states extending to the dark
Fermi energy. Complete thermalization then occurs for

times greater than the time t„,for a carrier to be emitted
from a trap at the dark Fermi level:

Ec—EF
t =—exp

V k~T
(16)

Following t„,transport would be nondispersive [i.e., the
relationship between Q(t) and t should be linear]. A
similar argument was given earlier by Pandya and Schiff'
regarding the effects of quasi-Fermi levels on photo-
current transients.

We used the absence of this phenomenon to estimate
an upper limit to v for each specimen. We used the ob-
served value of the recombination response time t„asa
lower bound to t„,. We used the activation energy of the
dark current Ed„kto estimate Ec—EF. Using this pro-
cedure and Eq. (16) above we calculated the values listed
at v,

„

in Table II; note that v,
„

is about 10 Hz in one
case. The procedure neglects the temperature depen-
dence of Ec—EF; including an estimate of the tempera-
ture dependence of Ec—EF led to even smaller values for
v,„.Such low values seem completely incompatible with
the detailed balance principle v=Ncb, if we use the value

b, —10 cm /s suggested by Fig. 5 and the conventional
value N&-10' cm

We have been unable to fully resolve these interpretive
difficulties. Extensions of the analysis to incorporate de-
fect relaxation effects seem to hold some promise for
resolving them, but we shall not attempt this here.

VI. MOBILITY-LIFETIME PRODUCTS

As we have seen in Sec. II, transient photocharge Q (t)
measurements give estimates of a displacibility
g(t}=Q(t)(d /QOV) [cf. Eq. (4)]. In this section we
present additional measurements supporting the identity
of mobility-lifetime products estimated by transient pho-
tocharge or by steady-state photocurrents. We also
present the correlation of steady-state mobility-lifetime
product p~„and electron deep-trapping mobility-lifetime
product p~, , measurements for a wide range of speci-
mens and light-soaking states; these data confirm the
well-known empirical relation pr„=lOOXpr, , (Refs. 6
and 28) over nearly four orders of magnitude. We then
briefly discuss our interpretation of the various p~ prod-
ucts for electrons in a-Si:H.

A. Evaluation of pz„and pr, ,
We performed quasi-steady-state photocurrent experi-

ments by operating the pulsed laser at 20 Hz and record-
ing the time-averaged photocurrent; we found that the
photocurrent did not decay significantly under our mea-
surement conditions between pulses. This technique per-
mitted us to measure steady-state p~ products with exact-
ly the same wavelength of light used in the transient pho-
tocharge measurements.

The steady-state value p~„was estimated from the ex-
pression ps~=i„(d /ioV) [cf. Eq. (5)], where i„is the
average (steady-state) photocurrent, Vis the bias voltage,
and d is the interelectrode gap. The photogeneration
current io (the charge generation in the sample volume
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per unit time) was estimated from measurements of the
average laser intensity (using a c-Si p i -n-diode) and from
the specimen dimensions and optical-absorption proper-
ties. The procedure is nearly identical to that used to ob-
tain Qo for the transient photocharge measurements [cf.
Eq. (1)].

At sufficiently high temperatures we were able to esti-
mate a recombination mobility-lifetime product from the
value of Q(t)(d /Qo V) at 10 s, which was longer than
the recombination response time ttt [see Figs. 6(a) and
6(b)]. We denote this value pr, „.In Fig. 9 we have

graphed p~„and p~, „atT=380 K for four different
specimens. For these data the dark current is somewhat
larger than the average photocurrent. An absolute agree-
ment between the two measurements is obtained. This
absolute agreement appears to be a conclusive dernon-
stration that the assignment of t~ to recombination is val-
id. We found that if we used average photocurrents
larger than the dark current that pv„was smaller than
pv.,„,which is consistent with the commonly observed
decline of p~„with increasing illumination intensity in a-
Si H 8 66 67

B. Evaluation of p~„andp~, ,

At room temperature we were unable to estimate p~,
„

from the transient photocharge under near dark condi-
tions; t„became longer than our experimental range of
about 50 s. We estimate pv;, using quasi-steady-state il-

lumination, although the average photocurrent greatly
exceeded the dark current at room temperature. In Fig.
10 we correlate these room-temperature estimates of p~„
with the deep-trapping mobility-lifetime product p~, , es-

tirnated using the transient photocharge method by
evaluating Q(t)(d /QoV) at 10 ps (i.e., after a deep-

trapping time). The data suggest a proportionality

10

10

10 '
10-' 10-4

p, w „(crn/V)

10

FIG. 9. Correlation of steady-state mobility-lifetime product
pv„and normalized transient photocharge Q(t)(d /Qo V) es-

timated at 10 s (after the recombination response time) for four
a-Si:H specimens at 380 K. p~„was estimated under the
steady-state illumination flux of F =2X10" photons/cm's at
620 nm.

10-4

10

10

10

1P

10-'
1p—11 1p—10 10 10—8 10

P.~e t (Cm~/V)

10 6

FIG. 10. Correlation of steady-state mobility-lifetime prod-
uct p~„and deep-trapping mobility-lifetime produce pv, , for a
variety of a-Si:H specimens at room temperature. The pr„was
estimated from steady-state photoconductivity under the il-

lumination flux of F =2X10" photons/cm's at 620 nm. The

p~, , was estimated from normalized transient photocharge
measurements estimated at 10 ps. A straight line has been
drawn for pw„=100Xp~, ,

pr»=100Xpr, , (under our particular average photon
flux F =2X10 ' photons/cm s). For our specimens we
found that p~„~F; pv, , is not intensity dependent,
since by definition it is measured in near-dark conditions.

This proportionality (pr»=100Xpr, , ) is similar to
that originally noted by Schiff for a-Si:H and by Mack-
enzie and Paul for a-Si, „Ge:H. In these earlier
works the value of p~, , was estimated using "charge col-
lection" in diode structures (sandwich geometry) with
strongly absorbed illumination; pw„was estimated using
standard coplanar photocurrent measurements. The data
of Fig. 10 have the virtue that they establish this correla-
tion using estimates of p~, , and p~„from exactly the
same electrode structure and illumination wavelength.
The fact that the same behavior is seen in the present
work as in the earlier work based on charge-collection
measurements is not particularly surprising; the
equivalence of the present method for estimating p~, ,
with the charge-collection technique has been established
elsewhere.

When the discrepancy between pv, , and p~„was first

noted it was not known exactly which instrumental
differences between the two types of measurement ac-
counted for it. We have shown that p~„corresponds to
the long-time value of Q(t)(d /QoV), which we have

denoted pr, „(seealso Ref. 5). The measurements of
Q(t)(d /Qo V) presented in Sec. IV show conclusively
that p~, , and p~, , correspond to completely different

temporal regions, and that the ratio of the two quantities
can be accounted for satisfactorily when the temporal
effect is accounted for. Several other mechanisms have
been proposed to account for the difference between p~, ,
and p~„including differences in illumination wavelength
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TABLE III. Electron deep-trapping mobility-lifetime prod-
uct p~, „recombination mobility-lifetime product pr, „,and the
ratio of these two for the specimens shown in Table II; the data
were taken between 355 and 380 K.

Specimen
P&e, t

(cm /V)

1.1X10-'
3.0X10-'
9.1X 10-'
3.1X 10-'

P&e, r

(cm /V)

9.0X 10-'
6.0X 10-'
2.0X 10-'
5.8X10

P&e, r /P&e, ~

-900
200
220
185

and in specimen geometry. ' These mechanisms
clearly cannot account for the measurements presented
here, where both pv estimates were obtained under iden-
tical illumination conditions and in a single electrode
structure.

In Table III we list the values of p~, , and p~, „aswell
as the ratio pr, „/pr, , for the same specimens of Table
II. Both p~ values correspond to temperatures between
356 and 380 K; recombination was observed at times ear-
lier than 50 s. The ratio pr, „/p,r, , among three of the
specimens is similar to 200 while for one of them is larger
and close to 1000. We remind the reader that the
pr„/pr, , ratio —shown in Fig. 10—are smaller than the
ratios shown in Table III, because of the sublinear depen-
dence of IM~„upon the photon Aux F.

We favor the following physical explanation for the
large difference between the electron deep-trapping
mobility-lifetime product p~, , and steady-state mobility-
lifetime product pv„:p~, , corresponds to the drift of a
photogenerated electron until its first "deep-trapping"
event; recall that p~ products are essentially a propor-
tionality factor between a drift length and the electric
field. Deep trapping does not terminate electron drift;
the electrons are subsequently reemitted, and in Sec. V
we have analyzed this emission time. pr„reflects the to-
tal drift of the electron including many-trapping and de-
trapping cycles, until recombination of the electron final-

ly occurs.
The number of such trapping/detrapping cycles is

determined by the recombination of electrons with holes.
We would speculate that recombination corresponds to

the process e +D+~D, at least for the near-dark con-
ditions emphasized in the present work. In seems ex-
traordinary that the ratio pr„/pr,

„

is so well defined for
specimens varying by orders of magnitude in deep-level

density; there are two distinct published efforts to ac-
count for this phenomenon which we shall not review
here. '

VII. EVOLUTION OF HOLES IN a-Si:H

We have not discussed the evolution of holes in this pa-

per, although the subject is of greater significance for so-
lar cells and other applications than electron evolution.
The early stages of hole evolution appear to be similar to
those for electrons. In particular, holes are deep trapped,
apparently by the same deep levels which deep trap elec-
trons. ' As for electrons, two important transport pa-
rameters can be estimated for holes: the deep-trapping
mobility-lifetime product p~I, „and the ambipolar
diffusion length, which is usually attributed to the hole
steady-state mobility-lifetime product p~& „.Surprisingly

though, the correlation of the deep-trapping mobility-
lifetime product with the steady-state one has never been
done for holes.

We believe that published results support an empirical
relation p~&, -100XprI, „similar to the result just dis-

cussed for electrons. In general we estimate

prz, —10 Xpr„,since prz, —10 'Xpr, , (Ref. 35}and

pv, , —10 Xpv„.A recent summary ' ' ' of the corre-
lation between p~„and p~& „estimated from the steady-

state photoconductivity and steady-state photocarrier
grating, respectively, suggests that 10 Xp~„
&pz& „(10'Xpg„, from which we estimate that
10Xps~, &p'Tg, & 10' Xp7) t. This inequality suggests
reemission for holes after deep trapping, a situation very
similar to that of electrons. However, this is a prediction
and needs to be proven directly for the same specimen.
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