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An uncommon electron spin resonance technique is used to show that a universal distribution of resid-
ual carriers exists in tetrahedrally coordinated amorphous semiconductors following optical excitation at
low temperatures. This universal behavior at long decay times results because statistical fluctuations in
the electron and hole densities cannot occur and therefore do not affect the kinetics. This behavior is
confirmed for carrier densities between 10'® and 10'7 cm™3 and decay times as long as 10* s.

PACS numbers: 72.20.Ee, 71.23.Cq, 72.80.Ng, 76.30.—v

In this Letter we demonstrate that the decay of photo-
excited carriers in tetrahedrally coordinated amorphous
semiconductorsis auniversal property of these amorphous
solids. In 1989 Shklovskii et al. [1] discovered that at low
temperatures the simultaneous diffusion and recombina-
tion of electron-hole pairs in amorphous semiconductors
is a universal property that does not depend on the func-
tional form for the density of localized electronic states.
This generally has prompted renewed interest [2] in the
diffusion and recombination mechanisms for electrons and
holes trapped in localized band-tail states in hydrogenated
amorphous silicon (a-Si:H), the quintessential amorphous
semiconductor. We report experimental results and theo-
retical explanations of the generation and recombination
kinetics for band-tail electrons and holes in a-Si:H and
hydrogenated amorphous germanium (a-Ge:H). The mea-
surements employ an uncommon electron spin resonance
(ESR) technique (second harmonic detection or SH-ESR)
that surpasses the sensitivity of previous measurements
[3,4] by at least 3 orders of magnitude. This increased
sensitivity also improves by severa orders of magnitude
the lower bound on photoexcited carrier concentrations
above which nongeminate or distant-pair recombination
(recombination where the electron and hole are generated
in different guantum transitions) dominates the recombi-
nation processes in tetrahedrally coordinated amorphous
semiconductors [1,5]. In combination with these measure-
ments, the theory that we develop tests the universality
of the diffusion and recombination of photoexcited elec-
trons and holes in amorphous semiconductors at orders of
magnitude lower carrier densities and orders of magnitude
longer recombination times.

Shklovskii et al. [1,5—7] have developed atheory to de-
scribe recombination under steady-state conditions. In this
Letter, we extend these ideas to describe the recombina-
tion kinetics over a wide range of times after cessation of
optical excitation. Immediately after the light is switched
off the recombination is mainly geminate [the recombin-
ing electron and hole were generated in the same optical
transition]. The recombination rate is 7, ! exp(—2R/a),
where R is the distance between the electron and the hole,

4180 0031-9007/ 00/ 84(18)/ 4180(4)$15.00

a is the effective localization length which for simplicity
we assume applies only to the electron, and 7, =~ 1078 s.
The diffusion time, 7,, which is controlled by phonons,
is =~1071? s, and therefore during the early stages of re-
combination diffusion plays the major role. At low tem-
peratures this diffusion involves only hopping downward
in energy for both the electron and the hole, a process that
becomes slower and slower in time because of the rapidly
decreasing densities of states in the conduction and va-
lence band tails. When the electron and hole are separated
by distances greater than R. = (a/2)In(z,/7,), the pro-
cess is controlled by recombination and diffusion can be
neglected. At very large carrier densities, geminate re-
combination may cease to be important at smaller values
of R since this recombination mechanism is less impor-
tant as soon as R is on the order of the average distance
between carriers. In this case most of the carriers sur-
vive to times where geminate recombination is unimpor-
tant. On the other hand, at very small carrier densities,
geminate recombination may continue for R > R.. Inthis
case most of the carriers recombine geminately. How-
ever, regardless of the initial carrier densities, at R > R,
and ¢ > 72/1, = 7, &Xp(2R./a) the recombination oc-
curs exclusively between distant pairs.

This problem was originally addressed by Dunstan [8],
whose approach was based on a model of randomly dis-
tributed electrons and holes. Using a ssmple mean field
equation this model yields an expression for the density of
pairs that survive until very long times, which is given by
n(R) = 3/47R> where R = aIn(t/7,)/2. Note that this
asymptotic expression is independent of the initial carrier
density. However, a computational approach to this prob-
lem [9] yields adensity n(R) proportional to R~/ at long
times. The latter result is easily interpreted in terms of
the Ovchinnikov-Zeldovich effect [10—12], which asserts
that, due to statistical fluctuations, at a density ny the ex-
cess number of carriers of one type in each volume R?
is on the order of (noR3)!/2. These excess carriers can-
not recombine within this volume. Therefore, the excess
density is (noR?>)!/2/R?, which explains the computational
results.
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On the other hand, electrons and holes are created in
pairs, and therefore no pair can be separated morethan R...
Therefore, on ascale R > R, the number of electronsis
equal to the number of holes, and the model of randomly
distributed electrons and holes is not relevant to describe
large distances and long times. To eliminate this discrep-
ancy we employ an equation of the same type as that used
in Ref. [8], but we impose the condition of charge neu-
trality. Suppose all pairs with a distance less than R have
aready recombined, and draw a sphere of radius R around
each electron. By definition there will be no holes inside
the spheres. Next increase the radii of each sphere from R
to R + dR, and calculate the average number of holesin
these shells. The corresponding decrease of electron den-
sity is given by

dn,(R) = —n,(R)47R*n,(R)dR , (1)

where n, and n; are the densities of electrons and holes,
respectively. By charge neutrality n, = n, = n, and one
obtains

dn(R) = —n®*(R)4mR%dR . 2

As mentioned above, the recombination at short times is
of adifferent form. To eliminate these processes, we take
a solution to Eq. (1) of the form

_ _ 4ar
nl—n01=T(R3—R8), ©)]

where ny and Ry are a density and a separation at some
time when distant pair recombination clearly dominates.
At large R one obtains n(R) = [47wR3/3]"', which isin-
dependent of ny. This asymptotic expression is not exact;
however, recent computer simulations of the problem of
particles of one type yields an extra factor of 1.15, which
is close to unity [13]. We now compare the growth of the
SH-ESR under a wide range of generation rates, G, with
the predictions of previous steady-state models [1,5] and
the long-time decay of the photoexcited SH-ESR with the
predictions of Eq. (3).

In a-Si:H two optically induced electron spin resonance
(LESR) signals are commonly observed at temperatures
below about 100 K. These two signals, whose char-
acteristic g values are approximately 2.004 and 2.01,
are usualy attributed to electrons trapped in localized
conduction-band-tail states and holes trapped in localized
valence-band-tail states, respectively [14]. In addition
to these two LESR signals, there is a third, metastable
ESR signal centered at g = 2.0055 that is attributed to
neutral silicon dangling bonds [15]. Because of the small
difference in g values, it is often difficult to separate this
latter signal from that attributed to band-tail electrons.

Films of nominally undoped «-Si:H were deposited
on ESR-grade quartz substrates using a standard plasma-
enhanced chemical vapor deposition (PECV D) technique.
These films, which were 3 um thick, had bulk ESR
spin densities less than 5 X 105 cm™3. Five samples

were stacked together to perform the LESR experiments.
Before measurement, the samples were annealed at 468 K
in a dry nitrogen atmosphere for 2 h and then sowly
cooled to 300 K. Samples were cooled from 300 to 40 K
in the dark. [To obtain maximum sensitivity all data
shown in this Letter were taken at 40 K, but the decay
curves are independent of temperature from about 5 to
50 K.] ESR and LESR measurements were performed on
a Bruker 200D-SRC spectrometer at 9.5 GHz. Variable
temperatures, accurate to +1 K, were obtained using a
Helitran flow system. The excitation source was a He-Ne
laser (1.96 eV). Light intensities at the sample were varied
from 2 X 107 mW/cm? to 20 mW/cm? using neutral
density filters. All spectra were taken with 0.2 mT (2 G)
modulation amplitude.

In spite of the limited penetration depth of the exciting
light, the LESR signals scaled with sample thickness (the
use of two films in a stack reduced the saturated LESR
spin density to 40% of the value obtained with five films
in the stack). This behavior is presumably due to multiple
reflections in the high-Q ESR cavity.

The LESR spectra were obtained using a “rapid pas-
sage’ technique that employs second harmonic detection
(SH-LESR). Because of the long spin-lattice relaxation
times (T7) in a-Si:H at low temperatures (T, = 1 ms at
30 K [2]), this technique provides an effective increase in
the sensitivity of detection for the LESR of at least 3 or-
ders of magnitude over the standard first harmonic detec-
tion [16]. The results presented in this Letter employ the
absorption component [17,18] of the SH-LESR because
the dispersion component contains greater noise [19]. The
major complication with the SH-LESR technique is that,
in addition to the usual ESR parameters, the spin density
depends subtly on T,. For this reason one must carefully
compare spectra to known absorption signals to obtain ac-
curate measurements of the spin densities. For this pur-
pose, we have used the standard LESR in a-Si:H at high
spin densities.

Since the band-tail hole (broad) and band-tail electron
(narrow) lines have dightly different values of T; at any
given temperature, the exact line shape varies dightly
depending on the microwave power employed. These
small variations in the effective intensities of the band-tail-
electron and band-tail-hole signals with microwave power
are not important for the results discussed in this Letter.

The SH-LESR data can be fit accurately by a smple
phenomenological model that incorporates bimolecular re-
combination and dispersion [16]. For generation rates G
between 103 and 10%° cm™3 s7! at approximately 40 K,
the value of « is aways 0.5 for both growth and decay.
Although this fitting clearly identifies the recombination
mechanism for the SH-ESR as distant pair and the dis-
persion as independent of G, there is otherwise no micro-
scopic information to be gained.

The time constants 7 as determined by the phenomeno-
logical fitting described above, for the growth of the
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SH-ESR are shown as a function of G in Fig. 1. From
thisfigureit is clear that 7, which is related to an average
recombination lifetime in this phenomenological model,
is proportional to G°7. Levin et al. [5] have shown that
the dominant radiative recombination process is distant
pair (nongeminate) recombination at generation rates G,
far below those used in this study (many orders of mag-
nitude below G = 107 cm™3 s™!, which corresponds to
approximately 10 wW/cm? for the thicknesses of samples
we have employed). Using computer simulations, these
authors have also shown that the mean radiative lifetimes
T are proportional to G~ [5], which is in substantial
agreement with the results shown in Fig. 1.

Figure 1 also shows the saturated spin densities of band-
tail electrons and holes as measured by SH-ESR. The solid
triangles are data taken after long time illumination with
the light still on. At excitation intensities above about
3 X 1072 mW/cm? the data are consistent with those pre-
viously published by Boulitrop and Dunstan [3,20]. Note
that at the lowest excitation intensities the data do not reach
the saturated values during the time scale of the experi-
ment. [The smaller values were taken after 3.5 h and the
larger values after 7 h.] The solid line is a linear regres-
sion fit to the solid triangles. The saturated spin densities
(with the light on) depend only weakly on the generation
rate (n « G%?2) and are consistent with G%1¢, as estimated
by Levin et al. [5] from computer calculations. Because
the data of Fig. 1 at the lowest excitation intensities cor-
respondto G = 103 cm™3 s7!, these results decrease by
orders of magnitude the upper bound on G above which
the recombination is by distant pairs.

The open triangles in Fig. 1 are the residual SH-ESR
spin densities after the light was turned off for 45 min. If

slope =-0.74 slope = 0.24
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FIG. 1. Right-hand scale: Solid circles represent the charac-
teristic time 7, for growth of SH-ESR as a function of light
intensity (o« G) in a-Si:H at 40 K [note log-log scale]. Solid
line is a linear regression fit to the data. See text for details.
Left-hand scale:  Spin density of SH-ESR as a function of light
intensity in a-Si:H at 40 K. Solid triangles are data after 7 h of
illumination time; open triangles are residua data 0.75 h after
cessation of illumination. The solid line is alinear regression fit
to the solid triangles.
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the large R approximation to Eq. (3) were strictly appli-
cable after 45 min, then the residual spin densities would
be independent of G and therefore exhibit a horizonta line
in Fig. 1. Although this trend is approximately correct,
there is afinite dlope to this line, which we now discussin
more detail.

Figure 2 shows the decay curves when the light has been
turned off following saturation of the optically induced
SH-ESR signal at various excitation intensities. These de-
cays were taken at the peak of the ESR spectrum, which
is predominantly due to the electrons. Similar curves were
obtained by monitoring the ESR at a magnetic field where
only holes contribute. Also, similar curves were obtained
at temperatures between about 20 and 50 K. Finaly, ex-
periments on samples with silicon dangling bond defect
densities greater by a factor of about 3 also produced
similar curves. Although the SH-ESR spin densities of
electrons and holes differ by about a factor of 3 and the
absolute spin densities are difficult to measure accurately
by ESR, these uncertainties do not affect the quality of
the fits shown in Fig. 2. The solid lines in Fig. 2 are
fits to Eq. (3) with the values of the saturated SH-ESR

n(0) = 1.3-10""cm

10 1

\_
-

n(0) = 4.1-10'%cm™3

n(0) = 2.4-10"%cm™®

——

n(0) = 1.2-10"%m™

" WWMWMWW

0.5

n)(10'8em™)

0.0 T T T
0 500 1000 1500 2000

time(s)

FIG. 2. Decay of SH-ESR in a-Si:H at 40 K after saturation
at excitation intensities, from top to bottom, of 19, 2 X 107!,
1.6 X 1073, and 3.6 X 10~* mW/cm?, respectively. Solid lines
are theoretica fits to the data using Eq. (3) with a = 2.4 X
1077 cm. n(0) is the saturated spin density at + = 0. See text
for details.
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spin densities n(0), as given on the figure and an effective
localization length of @ = 2.4 X 107" cm and 7, /7, =
10*, which correspondsto Ry =~ 3 X 107® cmin Eq. (3).
Thesefitsused ny = n(200 s), but as must be the case, the
quality of the fit does not depend on the choice of ng for
no = 150 s. Note that we are fitting the absolute intensi-
ties n(r) for four excitation intensities, which span about
5 orders of magnitude, with essentially one adjustable
parameter—the effective electron localization radius a.
Previously reported values of a for a-Si:H vary from about
4 to 10 A [21-23]. Although our value is larger, there
are assumptions associated with any estimate of a, which
make comparisons risky.

With the SH-ESR technique we can measure decays
such as those shown in Fig. 2 down to saturated carrier
densities as low as about 10'* cm™3. In addition to being
noisier, these decays are very gradual and therefore do not
provide a critical test of the theory. However, the decays
at low saturated carrier densities are well fit with the same
value of a.

To address the question of the universality of Eq. (3)
we use as an example a-Ge:H whose optical band gap
is approximately half that of ¢-Si:H and whose exponen-
tial densities of localized band-tail states have characteris-
tic energies (inverse slopes) that are at least a factor of 3
greater than a-Si:H. Figure 3 shows afit for one excitation
intensity where the ESR has employed the normal detec-
tion technique (derivative of the absorption). In this figure
we have used the same value of a as for a-Si:H for sim-
plicity. The decay in a-Ge:H follows the same agebraic
form asin a-Si:H even though the two materials have very
different densities of localized states at the edges of the
bands.
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FIG. 3. Decay of ESR (normal first-harmonic detection) in
a-Ge:H after saturation at an excitation intensity of approxi-
mately 1 W/cm?. The excitation energy is 1.2 eV. The solid
line is a theoretica fit to the data using Eq. (3) and the same
parameters as those used in Fig. 2. n(0) is the saturated spin
density at ¢+ = 0.
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