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Non-Gaussian Transport Measurements and the Einstein Relation in Amorphous Silicon
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We propose an experimental procedure for testing the Einstein relation for carrier drift and diffusion
in semiconductors exhibiting non-Gaussian or dispersive transport. We present corresponding hole
time-of-flight and steady-state photocarrier grating measurements in hydrogenated amorphous silicon
(a-Si:H). For a range of mobilities1025 1022 cm2yV s we find that our estimates of hole diffusion
are approximately twice as large as predicted by the Einstein relation and the mobility measurements.
We consider the deviation to represent an upper bound to any true failure of the Einstein relation for
hole transport ina-Si:H. [S0031-9007(96)00059-2]

PACS numbers: 72.20.Fr, 72.80.Ng
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The Einstein relationD  skTyqdm connecting a car-
rier’s drift mobility m and its diffusion constantD is very
widely used in the analysis of band transport in crystalli
semiconductors and semiconductor devices. In these
terials electrical transport is Gaussian: carriers initia
generated in a well-defined sheet spread into a Gaus
profile with widthdx  s2Dtd1y2 for longer times. Ther-
mal and structural disorder plays a quantitative role in d
termining the diffusion constant and mobility.

In noncrystalline materials disorder can lead to a mo
profound change: the spreading of a sheet of carrier
non-Gaussian (or dispersive) [1,2]. Although very com
monly assumed to hold, the validity of the Einstein relati
for non-Gaussian transport is not well established eit
theoretically or experimentally. Violations of the Einste
relation have been predicted for many models, includ
(i) hopping transport models with energetic disorder in t
sites [3,4], (ii) band transport involving exponential ban
tail traps [5], and (iii) random force models in which th
random force is not the gradient of a potential [6].

To date, such predictions are nearly untested by exp
ment. There are at least two difficulties in comparing d
fusion and drift processes in materials exhibiting dispers
transport. First, the mobility is not simply a constant: m
bility measurements depend significantly upon the dista
L traversed by the photocarriers [1,2]. This effect is illu
trated in Fig. 1, in which the upper panel presents pho
carrier time-of-flight (TOF) measurements of the hole dr
mobility mD in a-Si:H as a function of reciprocal tem
perature and drift lengthL. The second difficulty is that,
for dispersive transport, the spreading of the photocar
distribution during the drift mobility measurement cann
generally be used to make inferences about photoca
diffusion [7].

For a-Si:H and other materials in which both electron
and holes are mobile, this second difficulty can to some
gree be surmounted by measuring an ambipolar diffus
constant using steady-state photocarrier gratings (SS
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photogenerated by laser interference fringes [8]. In
lower panel of Fig. 1 we show the results of such me
surements ina-Si:H. Because holes are much less mob
than electrons ina-Si:H [9–11], they determine ambipo
lar diffusion, and the diffusion and hole mobility measur
ments should be comparable. However, it is unclear h
the diffusion measurements, which depend upon the li
intensity of the measurement, should be compared with
mobility measurements, which depend upon the particu
drift lengthL.

FIG. 1. Ambipolar diffusion constant measurements and h
drift-mobility measurements in hydrogenateda-Si:H as a func-
tion of reciprocal temperature1yT . (a) The hole drift mobility
mD  LyEtT was measured using transient photocurrent m
surements of the transit timetT for the specified ratios of drift
length to electric fieldLyE. (b) The ambipolar diffusion con-
stantDamb  L2

ambytR was evaluated from steady-state phot
carrier grating measurements of the ambipolar diffusion len
Lamb and transient photoconductivity measurements of the
combination response timetR .
© 1996 The American Physical Society
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In this Letter we propose a procedure for using pho
carrier drift and ambipolar diffusion length measureme
to test the Einstein relation in strongly disordered mate
als [12]. We present a set of measurements ina-Si:H to
which we have applied this procedure, and we obtain
experimental correlation of hole drift mobilities and diffu
sion constants based upon it. The diffusion coefficie
we estimate are systematically about twice as large
would be inferred from the mobility measurements and
Einstein relation for the range of mobilities from1025

1022 cm2yV s. We believe that this deviation places a
upper limit on any true failure of the Einstein relation fo
hole transport ina-Si:H. The consistency of the analys
with the Einstein relation also offers a useful insight in
hole recombination ina-Si:H, and of course discriminate
in a-Si:H against transport theories for which signfica
deviations from an Einstein relation are predicted.

The Einstein relation is fundamentally a relation relati
the time evolution of the photocarrier driftxstd in an
electric field E and the time evolution of photocarrie
diffusion in the absence of an electric field. For a sh
of carriers atx  0 generated att  0, we have

skTyqd
xstd
E

 fdxstdg2y2 , (1)

where we have assumed that the driftxstd is propor-
tional to the electric fieldE. For normal (Gaussian) trans
port dxstd is the root-mean-square spread of the pac
around its mean. In this case Eq. (1) is unnecessarily c
plex. xstdyE andfdxstdg2 are simply expressed in term
of the mobility and the diffusion constant, respective
xstdyE  mt andfdxstdg2  2Dt, leading to the conven-
tional form for the Einstein relationD  skTyqdm.

For non-Gaussian transport the mobility and diffusi
constants are not simply constants, and we therefore re
to Eq. (1) as the Einstein relation. Evaluation of the le
side of Eq. (1) presents no experimental difficulty: the dr
xstd of the mean position of a carrier packet is direct
measured in photocarrier time-of-flight measurements.
Fig. 2 we show schematically the behavior of the ho
drift xstd in a-Si:H near room temperature (curve labele
“drift”); we have normalizedxstd by kTyqE to facilitate
the comparison with Eq. (1).

The measurement of hole diffusion presents more di
culty. In the present Letter we emphasize diffusion es
mates originating from the SSPG method [8]. We envis
this experiment as illustrated by the curve labeled “diff
sion 1 recombination” in Fig. 2, which shows schema
cally the time dependence of the square of the pac
spreadingsdxd2. Presuming validity of the Einstein re
lation, this spreadingsdxd2y2 should agree with the drift
skTyqEdxstd for early times, when recombination can b
ignored. The hole diffusion lengthLD is then essentially
the spreading which occurs up until recombination w
electrons near the response timetR, as indicated in Fig. 2.

Figure 2 was calculated based on exponential deca
the hole population as exps2tytRd. For this model the
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FIG. 2. Schematic comparison of hole drift in the da
from the time-of-flight technique and hole diffusion unde
optical bias from the photocarrier grating technique. Ho
drift xstd is based on an analytical approximation suitable f
a-Si:H near room temperature [xstdyE  s2m0ynd sntda, with
parametersm0  1.0 cm2yV s, n  1012 s21, and a  0.5].
The curve labeled diffusion and recombination is bas
on numerical integration departing fromdsdxd2ydt 
2skTyqEd fdxstdydtg exps2tytRd with tR  5 3 1026 s; the
form for xstdyE just given was used.

figure suggests the following relationship of the drift an
diffusion length measurements:

skTyqd
xstRd

E
, L2

D . (2)

Equation (2) is the basis of our procedure for comparis
of the two measurements: presuming the validity of t
Einstein relationship, we predict that the diffusion leng
LD for holes inferred from the SSPG measurement sho
be calculable from the hole displacement (obtained fro
TOF) evaluated at the measured recombination timetR .
Equivalently, we can use thetime-averageddrift mobility
[13] m̄  xstRdyEtR and the time-averaged diffusion co
efficient D̄  L2

DytR to explore the Einstein relation in
more conventional form̄D  skTyqdm̄.

The specimens for the experimental work presen
here were hydrogenated amorphous silicon (a-Si:H) films
prepared by plasma deposition from silane at the Te
nical University of Munich and at Syracuse Universit
SSPG and recombination response time measurem
were done on films deposited on glass with evaporat
coplanar metal electrodes. TOF measurements were d
on films deposited on glass substrates with an evapora
metal “bottom” electrode; a small metal top electrode w
evaporated following deposition.

SSPG and recombination response time measurem
were done with a helium neon laser (633 nm). Proc
dures for estimating an ambipolar diffusion lengthLamb
from the SSPG data are described elsewhere [8,14].
evaluate the recombination response timetR we measured
the small-signal photocurrent decay in response to a sm
decrease in illumination; we definedtR as the time for
the photocurrent response to fall to1ye of its initial value.
TOF measurements were done using 510 nm illuminat
with a pulsed laser. The detailed procedures have a
been described in previous publications [11].
3197



VOLUME 76, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 22 APRIL 1996

m
r
ti
e
e

o

ta
e
e

e
u
y
ty
h

p
r

e

o

a

r

m
o

o
a

s

ts
on
tion

-

a
ne
e-
l”

y
1].

the
ities
the

by
d

le
ce

y
g

ole
hen

or

he
ism
ion
ing
hat
FIG. 3. (a) Correlation of experimental estimates of the a
bipolar diffusion lengthLamb (based on steady-state photoca
rier grating measurements) with estimates of the recombina
response timetR (based on transient photoconductivity). Th
points correspond to varying sample temperatures. (b) Exp
mental estimates of normalized hole displacementxstdyE in a
specimen ofa-Si:H for several temperatures based on time-
flight measurements. The samea-Si:H thin film (S542) was
used for all the measurements in this figure.

In Fig. 3 we illustrate the measurements we use to ob
the average mobilities and diffusion coefficients requir
to test D̄  skTyqdm̄. In the upper panel we show th
correlation of the ambipolar diffusion lengthLamb with
the response timetR measured in sample S542. Th
measurements were taken for varying sample temperat
(as indicated) and for a constant illlumination intensit
they did depend somewhat on the illumination intensi
although we have not shown this here [5,16]. In t
lower panel of Fig. 3 we show the time dependence
hole displacementsxstdyE measured using hole transien
photocurrent and TOF techniques for the same sam
S542. Results are again shown for several temperatu
We were careful to verify that our measurements ofLamb,
tR , and xstdyE were taken in a low-field regime wher
they were independent of electric fieldE. For SSPG this
requiredE , 2 3 103 Vycm; for TOF high-field effects
are quite temperature dependent, but were negligible at
typical measuring field of104 Vycm.

As noted previously, our procedure involves comp
ing a hole diffusion constant̄D  L2

DytR with a hole
mobility m̄  xstRdyEtR evaluated at the same timetR

associated withLD . However, the SSPG method doe
not directly yield LD for holes, but rather an ambipola
diffusion lengthLamb. Lamb includes the effects of the
far more mobile electron photocarriers and the conco
tant “diffusion electric fields.” The simplest treatment
this effect yieldsL2

D  L2
amby2 [15]; we note that this

treatment already assumes validity of an Einstein relati
since carrier drift in response to the diffusion fields is
essential aspect of ambipolar diffusion.
3198
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FIG. 4. Correlation of hole diffusion coefficient estimate
D̄  L2

amby2tR with normalized hole drift mobility estimates
skTyqdm̄  skTyqd fxstRdyEtRg. The solid line is the Einstein
relation D̄  skTyqdm̄. The symbols represent measuremen
for four different specimens at various temperatures; diffusi
length measurements were taken at a constant illumina
intensity. The symbols with a center1 indicate measurements
at varying illumination intensity and room temperature.

In Fig. 4 we present the correlation of the time
averaged hole mobilities̄m  xstRdyEtR and diffusion
coefficientsD̄  L2

amby2tR for several specimens and
range of temperature and illumination conditions. For o
of the specimens (S167) we did not perform hole tim
of-flight measurements, and instead relied on “typica
literature values; the hole drift mobility is surprisingl
consistent in specimens from different laboratories [1
The agreement with the Einstein relationD̄  skTyqdm̄
is quite satisfactory, although it is also apparent that
average diffusion constants exceed the average mobil
by more than would be expected based solely on
scatter in the measurements.

We briefly discuss an alternate procedure proposed
Liu et al. [16] which is closely related to that describe
here. The dispersive driftxstd of a hole across the
specimen illustrated in Fig. 2 is attributable to multip
trapping of the hole by states in an exponential valen
band tail [10,11]. Ina-Si:H multiple-trapping behavior
in the TOF measurement is ultimately interrupted b
“deep trapping” of the hole, presumably by a danglin
bond. If deep trapping can also be identified as the h
recombination channel for the SSPG measurement, t
an Einstein relationL2

amby2  skTyqdmtt should hold
connecting the deep-trapping mobility-lifetime product f
holesmtt and the ambipolar diffusion lengthLamb. Liu
et al. [16] showed thatskTyqdmtt is of the same order
asL2

amb .
The present approach is more generally valid: t

need to assume any specific recombination mechan
is largely eliminated by using a measured recombinat
response time to establish the time scale for compar
drift and diffusion. Indeed the present analysis shows t
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hole recombination in the SSPG experiment occurs p
to hole deep trapping.

The twofold systematic deviation of our inferenc
of the diffusion coefficient and the mobility fora-Si:H
from the Einstein relation may not indicate any tr
failure of a generalized Einstein relation. The analy
of ambipolar diffusion which we use [5,8] is based
Gaussian diffusion, and in particular upon the assump
that diffusion currents are calculable from the gradient
the photocarrier density. This analysis can certainly
challenged for non-Gaussian processes, and we spec
that an improved analysis might well reduce the appar
deviation from an Einstein relation.
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