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Photoconductivity, trapping, and recombination have been studied in undoped, hydrogenated amorphous silicon
(a-SiH, ) films prepared by the discharge decomposition of silane. In this study the effects of the photoinduced,
reversible conductivity changes have been taken into account in the characterization of the different types of
electron trapping and recombination kinetics. These kinetics, which over the temperature range of ~350 to 120 K
are found to be consistent with free-carrier transport, are correlated with the densities, energies, and free-carrier
capture cross sections of the states in the gap. The electron lifetimes, between ~ 10~ and 1073 s, are shown to be
dependent on two types of recombination centers located at or below midgap with one of these centers having an
electron capture cross section, S,, of ~ 107" cm?. The electron lifetimes are found to be sensitive to these centers
even though their densities are <10~ that of the hydrogen present in the films. The electron trapping is determined
by the states above midgap, which have densities of ~10'7 cm~* eV~ over the energy range of ~0.6 to 0.35 eV from
the free electron band and for energies within ~0.2 eV, densities of ~10'° cm~>. No evidence is found for a large
peak in the densities of states at ~0.4 eV from E,, a peak which has been extensively reported for a-SiH, films.

INTRODUCTION

There is a large interest in the optical and elec-
tronic properties of undoped, but n-type, hydro-
genated amorphous silicon (a-SiH,) produced by
the discharge decomposition of silane.'”® Such
films deposited onto substrates at temperatures
between ~200 and 300 °C have been extensively
used in fabricating high-quality junctions*:® and
efficient solar-cell structures.®” A variety of
methods®°+!° is being used to investigate the opti-
cal and electronic properties as well as the den-
sities of gap states in these films. This includes
studies of photoconductivity''~*® which have been
carried out on films deposited under a variety of
different conditions. There are however, am-
biguities associated with many of the results re-
ported because in the majority of these studies no
consideration had been given to the effects that
thermal- and optical-exposure histories of the
films have on the photoconductivities.'***® In this
paper we present and characterize the photocon-
ductivities of undoped rf and de discharge produced
a-SiH, films in which these effects are taken fully
into account.

The reversible conductivity changes in the films
studied were due to photoinduced changes in the
properties of the bulk material'®:'® rather than
to substrate-!” and surface-adsorption’® effects.
Therefore the contribution of these conductivity
changes to the bulk-photoconductivity characteris-
tics could be accurately evaluated. In addition
these changes could be utilized in significantly
extending the range over which the photoconduc-
tivities could be studied in the same film. Thus
the photoconductivities in these undoped films

could be characterized for a range of electron
quasi-Fermi levels between ~0.6 and 0.3 eV from
the free carrier band and electron lifetimes from
~10~%to 107® s. This range of photoconductivities
was achieved without the serious perturbation in
the gap states caused by the introduction of do-
pants.’® The photoconductivities were obtained by
changing the illumination levels and temperatures
over the range from ~ 350 to 120 K. In agreement
with previously reported junction and photovoltaic
properties on similar films, the results obtained
over this wide temperature range are consistent
with free-carrier transport in the extended states.
Such free-carrier transport allows the photocon-
ductivities to be considered in terms of the elec-
tron trapping and recombination kinetics exten-
sively treated by Rose.'®"?° These treatments,
applied to results of photocurrent response times
and electron lifetimes, are utilized in obtaining
insights into the densities, energies and free-
carrier capture cross sections of various states
in the gap of the a¢-SiH, films.

_ EXPERIMENTAL PROCEDURE

The a-SiH, films were deposited by rf and dc
discharge decomposition of silane onto fused quartz
substrates at temperatures, T;, between~ 190 and
330°C.'? The photoconductivities of the ~1 um
thick undoped, but n-type films, were measured
using coplanar metal-n* a-SiH, electrodes.?’ All
the currents studied exhibited Ohmic behavior and
the majority of the measurements were carried
out with 100 V applied across electrodes 1 mm
apart. The photoconductivities were measured on
known and reproducible states of conductivity in
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the films which were obtained by annealing the
films at 200 °C in vacuum (annealed state) and
subsequently subjecting them to known exposures
of 200-mW/cm? white light (soaked state).5+!¢
These controlled, reproducible dark and light
conductivities were not affected by the illumina-
tions used in the experiments.

The photocurrents were generated by monochro-
matic light having » =0.61 um and intensities
ranging from 1X10' to 1X10® photons cm™2s~1,
In all cases the photocurrents were significantly
greater than the dark currents and corresponded
to uniform-carrier generation because the optical
absorption of the films at » =0.61 um is ~2X10*
em~!2 As a result the bulk photoconductivity
o, could be obtained directly from the photocur-
rents and the known geometry, thickness, and
electric fields. These photoconductivities were
measured over the temperature range from ~350
to 120 K using a vacuum cryostat having a thermo-
couple in good thermal contact with the sample.

The steady-state photoconductivities and their

-dependence on the intensity of illumination and tem-
perature were used to characterize the recombina-
and the electron lifetimes. The free electron
densities n and the electron lifetimes 7, were ob-
tained from the relations

0,=qu,n (1a)

and
n=f71,, (1b)

where ¢ is the electronic charge, u, the micro-
scopic mobility in the conduction band (extended
states for electrons) and f is the volume-genera-
tion rate of free carriers. For 100% efficiency
of free-electron-hole pair generation,? f is given
by

f=F(1-R)[1-exp(-ad))/d, 2

where F cm~2s™! is the incident photon flux, R is

the surface reflection, @ is the optical absorption
coefficient, and d is the thickness of the film. The
electron densities and lifetimes were calculated
from Eqgs. (1a) and (1b) using f and a value p,
=1cm?V-~!s~!, Although the electron mobilities
in the extended states of a-SiH, have not been
measured, the value of 1 cm?V ~'s™! for the micro-
scopic mobility is not inconsistent with the re-
sults obtained for the electron drift mobilities

on similar films.2?

The decays of steady-state photocurrents gen-
erated by different intensities of illumination were
used to characterize electron trapping. These
decays, obtained by terminating the illumination
with-a mechanical shutter, were characterized by
the time taken for the photocurrents to decay to

half their steady-state values, 7, These decay
times. which were much longer than the electron
lifetimes, are given by

To= <1+%‘-)1"=%‘-1'n, 3)
where n, is the density of trapped electrons emp-
tied in the time 7, Because in all the cases stu-
died the quasi-Fermi levels, E,, was significantly
displaced from the dark Fermi level n, could be
related to the densities of states acting as traps

in the vicinity of E,,, N, (Ef,) cm™2eV ™!, by n,
=kT/qN,; (Ep,).2° The positions of Ep, relative

to the conduction band E_, were obtained for the
various values of 0, and » using the relation

n=N,exp [—(Ec —EF,,)/kT], 7 (4)

where N, is the effective density of states at E.
The value used for N, was 10%° cm™3, a value that
is consistent with a p,=1cm?V~'s™' and a y,N,
= 1020,2¢

EXPERIMENTAL RESULTS

The photoconductivities of the a-SiH, films
studied exhibited a wide range of characteristics
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FIG. 1. Response time T, and the electron lifetime
7, plotted versus the photogeneration rate f. The results
are for an rf discharge-produced film deposited at T
=320 °C after the film had been annealed at 200 °C and
subsequently exposed to 200-mW/cm? illumination for
four hours.
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which depend on the fabrication conditions as well
as the optical and thermal histories of the films.
Example of the differences in the characteristics
that can be obtained in the same film, due to re-
versible conductivity changes, are presented in
Figs. 1 and 2 for an rf discharge-produced film
deposited at T, =300 °C. Figure 1 shows the room-
temperature 7, and 7, as a function of f for the
film after it had been annealed and then exposed

to the 200-mW/cm? white light illumination for
four hours. Figure 2 shows the room-temperature
T, and T, over the same range of f as in Fig. 1,
for the film after it had been annealed and not
subjected to any 200-mW/cm? illumination. These
results, as well as those obtained on a large num-
ber of other films, indicate that the dependences

of the photoconductivities and electron lifetimes
on intensity of illuminations have the form

o"cch (52)
and
'r"ocf"(l"7), (5b)

where y is a constant. The response times on the
other hand exhibit dependences which can be quite
closely related to the corresponding values of y by

Toxf7Y. (6)

The results in Fig. 1 for the film in the “soaked”
conductivity state correspond to a value of y =0.9.
This is reflected in the insensitivity of 7, to f and
the position of E,,, where the values of 7,, 8X107¢
to 5X 1075, are virtually constant as E, ~E,
changes from 0.55 to 0.45 e€V. This is in contrast
to 7, which decreases by two orders of magnitude,
from ~1 to 1X107? s, and which exhibits a depen-
dence T ,c £~ in close agreement with Eq. (6).
Even though 7, undergoes these large changes it
is important to note that these characteristics
correspond to an n,, given by Eq. (3), which re-
mains constant at 6X 10" ¢m® even though n in-
creases from 7X10'° to 3X10'® cm™3. In the case
of the “annealed” film in Fig. 2 the values of T,
and 7, shown for the same range of f as that of
Fig. 1, exhibit characteristics which correspond
to the value of y =0.5 and electron lifetimes which
depend on the position of E,. In Fig. 2 the elec-
tron lifetimes, which are significantly larger than
those in Fig. 1, decrease from 1X 1072 to 1X107*

s as E, -E;, changes from 0.38 to 0.3 eV. The
corresponding values of 7, have a dependence
T, f %% which is completely different from that
seen in Fig. 1, but which is again close to the
relation given by Eq. (6). The characteristics
seen in Fig. 2 yield a virtually constant ratio for
T4/T, which reflects a continuous increase in n;
as E, —E., decreases. The values of n, increase
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FIG. 2. Response time 7, and the electron lifetime
T, versus the photogeneration rate f for the same rf
film as in Fig. 1. The results here are for the film
after an anneal at 200 °C and no subsequent exposure
to the 200-mW/cm? illumination.

from 6X10" ¢m™® at f~10'® ecm™®s™* to 2% 107
cm™ at f~10'° em™®s~?, thus becoming signifi-
cantly greater than the constant n, of 6X10'5 cm™3
indicated by the results in Fig. 1 (although not
shown in Fig. 2, the characterisitics of o, for
f<10* cm™®s~! were close to those shown in

Fig. 1.)

The range of photoconductivity characteristics
and the effect that the reversible conductivity
changes can have both the photoconductivities as
well as the values of y, 7,, and 7, are clearly il-
lustrated in Figs. 1 and 2. The values of y that
have been most commonly observed are 0.5<y <1,
with the values significantly different from 0.5
and 1.0 being clearly not due to a mixture of mono-
molecular and bimolecular types of characteris-
tics.?® An example of ay = 0.7 is shown in Fig. 3
where the 7, and 7, characteristics, for a dc-dis-
charge-produced film at T, = 300 °C, are presented
for the same range of f values as those in Figs.
1and 2. The dependence of 7, and 7,on f are again
in good agreement with the relations indicated
by Egs. (5a), (5b), and 6, where 7, changes from
3X107* to 5X107°% s and 7, from 3X 10~ to 6x 1073
eV and the densities of trapped electrons n, from
3%10% to 8X10" em~3. The large deviation of y
from unity is reflected by the significant changes
inT, as E, -E, decreases. However, it should
be noted here that in contrast to the characteris-
tics shown in Fig. 2 for y =0.5, the dependences of
To,and 7, on f in Fig. 3-are completely different
from each other. The above results of quite dif-
ferent types of recombination and trapping pro-
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FIG. 3. Response time T, and the electron lifetime
T, as a function of photogeneration rate f for a dc dis-
charge-produced film deposited at T ;=320 °C (Ref. 21).
These measurements were carried out on the film after
only an anneal of 200 °C.

cesses in the a-SiH, films even in the same film
at the same temperature, clearly reflect the ef-
fects resulting from different values of 7, and
positions of E;,. They also indicate (Fig. 2) that
for Ep, sufficiently close to E, the densities of
trapped electrons can exceed 10'® em™3. These
values, which are comparable to the densities re-
ported for states near midgap,”**?® are obtained
in a photoconductivity regime in which there is

a striking similarity between the dependence of
T,and T onf (and E, —Eg,). The ability to ob-
serve this regime however depends on the values
of 7, in the films since they determine the position
of E, for a given value of f.

In order to extend the range over which E,
could be moved with the values of f used, advan-
tage was taken of the enhanced displacements
that occur in E, when the temperature is lowered.
These displacements, given by Egs. (1a), (1b), and
4, allow Ep, to be moved over a large fraction of
the gap for the same values of f. The effect of this
on the photoconductivities, whose room-tempera-
ture characteristics are shown in Fig. 2, are pre-
sented in Fig. 4 where log,,(0,) is plotted versus
1/T for the temperature range of ~350 to 120 K.
These results were obtained reproducibly during
both the heating and cooling cycles of the experi-
ments. The results in Fig. 4 include data obtained
with f <10'® em™® s~! which are not shown in Fig.

2 but, as indicated earlier, exhibited room-tem-
perature characteristics similar to those shown
in Fig. 1, i.e., vy = 0.9. The regimes of the two

different photoconductivity characteristics are
separated by the line signified as o4z in Fig. 2.
On the left of this line the photoconductivity is
virtually indépendent of temperature and o, has
ay =0.9. Inthe other regime, wherey = 0.5, 0,
has an activation energy of ~0.1 eV (and subse-
quently ~0.2 eV). The transition from one regime
to the other, accompanied by the change in vy, in-
dicates a transformation of recombination and
trapping kinetics from those illustrated in Fig. 1
to those illustrated in Fig. 2. The temperature
independence of o, havingy =0.9 reflects the indepen-
denceof 7, on f and hence E, as in results
shown in Fig. 1. The onset of a 0, which is no
longer temperature independent reflects a
sufficiently small value of E, - E,, which changes
the kinetics to those yielding a 7, dependent on
Eg,. The requirement that E,, reach a certain
position in the gap in order for this change in
kinetics to occur is clearly indicated by the de-
pendence of the transition temperatures on f. For
the lower value of f the transitions occur at lower
temperatures, since larger displacements of E,
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FIG. 4. Logarithm of photoconductivities versus the
reciprocal of temperature at several levels of photo-
generation rates. These results are for the rf discharge-
produced film and photoconductivities whose room-tem-
perature results are shown in Fig. 2. The photogenera-
tion rates f shown are from 1 x10%% to 1 x10t8em = s-1,
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are required from their room-temperature values.
This results in a temperature-dependent o,

seen in Fig. 3, which has an'activation energy of
~0.2 eV,

Although at the lowest temperatures studied there
is an additional transition in o, which is also de-
pendent on f and is accompanied by a change iny
from 0.5 to ~0.4, this transition could not be read-
ily characterized because of the small changes in
v. However, it is noteworthy that it corresponds
to changes in activation energies from ~0.1 to
0.2 eV so that all the transitions in Fig, 4 reflect
changes to higher activation energies at lower
temperatures. These results are in direct con-
trast to those of Spear, Loveland, and Al-Shabar-
ty** who reported transitions for o, into y = 0.5
regimes which had very low activation energies
at the lower temperatures and transitions which
were both independent of f as well as always oc-
curing at the same temperature, These authors
explained the results by the onset of hopping con-
ductivity in the y = 0.5 regimes. As will be shown
later the results reported here are not only con-
sistent with free-carrier transport in all the photo-
conductivity regimes, but also with the recombina-
tion and trapping kinetics indicated by room-
temperature characteristics.

The temperature dependence of o, exhibiting
v = 0.7 at room temperature has been reported
by Wronski and Carlson.?! These photoconduc-
tivities also exhibit f -dependent transitions from
regions of y = 0.7, which have activation energies
significantly less than 0.1 eV to regions of y = 0.5
with activation energies ~0.1 eV. The small but
clearly detectable activation energies of the y = 0.7
regimes are consistent with the recombination and
trapping kinetics of such photoconductivities. How-
ever, these activation energies result in transi-
tions between the two regimes which cannot be as
readily analyzed on a log,,(0,) versus 1/T plots
as those corresponding to y close to unity (Fig. 4).
Results of an alternative method of analysis are
presented in Fig. 5 for the transitions of ¢, having
v =0.83. This y is still significantly different
from unity but results in a smaller activation
energy for ¢, than ay = 0.7. The results in Fig.

5 were obtained on the same rf film as the one
whose characteristics are shown in Fig. 1 to Fig.
3, but now the photoconductivities were obtained
after the film was annealed and exposed to the
standard illumination for two hours, half the time
used in the case of Fig. 1. At room temperature
the photoconductivity had a y =0.83 over the en-
tire range of £, up to the maximum of 2Xx10%°
cm~3s™!, However, as the temperature was low-
ered, transitions to a regime of y = 0.5 and acti-
vation energies of ~0.1 eV were obtained. The
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FIG. 5. (a) Dependence of the photoconductivity on the
photogeneration rate at several temperatures. (b) Plot
of the logarithm of photoconductivity at the transition
point of (a) versus the inverse of the temperature. These
measurements were carried out on the rf discharge-
produced film deposited at T';=320 °C after an anneal
of 200 °C and an exposure to the 200-mW/cm? illumin-
ation for two hours.

transitions exhibit dependences on f and T' which
are similar to those reported for y = 0.7.2* The
dependence that o, has on f at differnt tempera-
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tures is shown in Fig. 5(a) where the experimental
points are divided into the two regimes, y;= 0.83
and y ;= 0.5 by the dashed line. This dashed line
corresponds to transition conductivities oqr, sim-
ilar to those seen in Fig. 3. The values of
log,,(0-1r) versus 1/T are plotted in Fig. 5(b) and
the activation energy that is obtained for o is

E g = 0.22 €V, a value in good agreement with that
observed in Fig. 3. It is also important to note
that these values of Eqg, are close to twice that

of the activation energy of ~0.1eV found for the
regimes having y = 0.5.

DISCUSSION OF RESULTS

The recombination and trapping kinetics exten-
sively treated by Rose are applied here to the
photoconductivity characteristics described in the
preceding section. These results, as well as
those reported elsewhere'?*1%2127 for the photo-
conductivities of similar films are correlated
with a continuous distribution of gap states shown
schematically in Fig. 6. The distribution of Fig.
6 is subdivided into four energy regions because
such a division is useful in relating the photocon-
ductivity not only to the densities and carrier
capture cross sections of the various states but
also to their energies relative to the free-carrier
bands, E, and E,. The large densities of states
observed in drift mobility measurements are re-
presented by the two regions E, ~E,, and E,, -E,,
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with densities N, and N,,. Although these regions
cannot be precisely defined they are associated
with values of E, ~Ey, ~0.2 eV and E;, ~E, ~ 0.3 to
indicated by drift mobility?® as well as the pre-
viously published photoconductivity results.?!+2
The deeper lying states are divided into two class-
es, identified by subscripts 1 and 2, where the di-
viding line is placed at approximately midgap.
For convenience the states classified as N, have
densities which are dominant above the dark Fer-
mi level E, while the states classified as N, have
densities which are dominant below Eg, i.e., near
and below midgap. These N, and N, states can
have quite different carrier capture cross sec-
tions and can include more than one type of trap-
ping or recombination center.

The occupation of the various states under il-
lumination is shown schematicly in Fig. 6, where
the presence of 0,>>0, results in a large displace-
ment of both the electron and the hole quasi-Fer-
mi levels, Ep, and E,, from the thermal equili-
brium E,. The notation employed in this paper is
that used by Rose®® the electron and hole recom-
bination centers are p, and n,; the densities of all
these centers are N,, and the carrier capture cross
sections are S, and S,. Because the relatively long
electron lifetimes indicate that the densities of
recombination centers are low enough to make any
transition of electrons (and holes) between dis-
crete centers highly unlikely the electron lifetime
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— e N - — Ep
TeT e = Nr Pr2 2 FF
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Py = RECOMBINATION CENTERS EMPTY OF ELECTRONS
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FIG. 6. Schematic energy-band diagram and distribution of states in @-SiH, (see text for details).
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is given by
I S
" U(Snlprl + snzprz) ’

where v is the thermal velocity of electrons and
the subscripts 1 and 2 refer to the two classes of
states in Fig.6. The location of these recombina-
tion centers is defined by demarcation levels.
Since these are closely coupled to the quasi-Fermi
levels, to a good approximation they can be corre-
lated with Ej, and E,.>° (This approximation is
only valid for results such as considered in this
paper where E, and E, are significantly dis-
placed from E). The displacement of E,, and
E ., which results from increased illumination al-
low new states to act as recombination centers.
The effect that the densities and capture cross
sections of the p, centers dominating the electron
recombination have on 7, and y is expressed by
Eq. (7). As a result extensive information can
be obtained about the various states in the gap
when E, is swept over a wide energy range.

Although the occupation of the recombination
centers is independent of their energy, being en-
tirely determined by the electron-hole recombina-
tion traffic due to the absence of thermal reemis-
sion, this is not the case for the gap states which
act as electron traps. Such states, which do not
contribute to the recombination traffic, are oc-
cupied by localized electrons which are reexcited
to the conduction band before they have an oppor-
tunity of recombining with localized holes. To a
high degree of accuracy the density of such oc-
cupied states, »,(E), is given by

E -E_.)

n, (E) = Ny (E) exp (Lk—TE“-) ’ ®)

T

(n

where N, (E) cm™ is the density of the states at
an energy E. It can be noted here that even though
the 7, in Eq. (3) is determined by the occupancy of
all the trapping states, including the large den-
sities N,,, for a continuous distribution of states
to a good approximation n, = (¢T/q)N,(Ez,). This
is due to the Boltzmann factor in Eq. (8) which
makes the states close to Ej, dominate n,. This
applies to deep states such as N, providing that
the thermal emission rate of electrons from these
states is greater than the rate at which the elec~
trons are recombining, n/T,,. Consequently, the
values of 7, and #,, as well as their dependence
on f, also yield valuable information about the
states in the gap which can be correlated in a
self-consistent manner with the results obtained
from the corresponding recombination kinetics.
The various results presented in the preceding
section are analyzed here in this manner.

The results in Fig. 1 indicate recombination

characteristics dominated by deep-lying centers
which are quite localized in energy. This is re-
flected by the independence of 7,, which corre-
sponds to constant value of the denominator in
Eq. (8), as E, —E, changes from 0.55 to 0.45 eV
and E;, moves through the continuous distribution
of N, states. The corresponding results for 7,
and the constant value of n, = (¢T/q)N,(E,) indi-
cate that E, is displaced through a region of N,
states which have a virtually constant density.
The density of trapped electrons, 7, = 6 X10'®* em™3,
corresponds to N ,(Ez,) ~ 10" cm™ eV ™!, a value
that is in good agreement with those inferred
from other measurements on similar films.5
Also since n<<n, these values of »n, indicate that
the densities of p,, states must be at least 10'¢
cm™ if charge neutrality conditions are to be
satisfied. This allows an estimate to be made
for the electron capture cross sections of the N,
states and the p,, centers. Since the N, states

in the vicinity of E, determine 7,, the emission of
electrons from these states, ~0.5 eV from E,
must be able to keep up with the recombination
traffic. The minimum requirement for this is that
Sp; be greater than 107'® cm®.2° The estimate for
S,2, on the other hand, can be made from the fact
that the N, states do not act as recombination
centers so that Eq. (7) can be rewritten as 7,

= (UP,sSye) . Inserting p,,~10'® cm™2 into this
modified Eq. (7), a maximum value of less than
1078 cm? is obtained for S,, for the electron life-
times of 5-8X107% s in Fig. 1 and » =107 cm s™1,
Such small values for electron capture cross
sections are generally associated with acceptor-
type centers which are negatively charged even
when not occupied by a localized electron. (Be-
cause such centers have a Coulomb-attracting
capture cross section for holes, they have a
S,2107" cm?),

The profound effect that recombination centers
having very small electron capture cross sec-
tions have on the photoconductivity, electron
lifetimes, and recombination kinetics has been
discussed with reference to “electronic doping.”?°
It was pointed out that in presence of S,, <S,,
there is a strong tendency for the S,, centers to
accumulate holes and become p, centers. This
results in a shift of electrons from the N, states
to the N, states so that for N,> N, the N, states in
Fig. 6 become occupied by electrons and p,, =N, ,.
Under such conditions 7, becomes determined by
b, states having a density N,, so that Eq. (7) can
be rewritten as

r o= 1
" ON,S,

9)

It is important to note that in Eq. (9) the expres-



sion for T, contains the density N,,, which is de-
termined by the N, states, but that the electron
capture cross section is S,, which is that of an
N, center. Furthermore, the presence of the S,,
centers reduces the role of N, states to that of
electron traps or hole recombination centers even
if the N, states are donor type having very large
electron capture cross sections. This is con-
sistent with the results of Fig. 1 just discussed
where values of 107!® cm? were obtained as a
lower limit for S,,. Two additional points can
also be made here regarding the recombination
kinetics. First, it is possible for the electron
recombination not to be entirely dominated by the
centers having these small values of S,,, because
in general the N, states can have different densi-
ties and types of recombination centers. This
results in additional terms entering into the de-
nominator of Eq. (9) and changing the kinetics.
Second, at high levels of illumination a “satura-
tion” of these S,, centers can occur when the
electron recombination ceases to be confined to
these particular centers. Such transistions can
lead to values of y <0.5 (Ref. 19) since a drastic
decrease in 7, can occur even when a small num-
ber of cénters with large electron capture cross
sections become involved in the recombination
traffic.

The presence of these deep centers having S,,
<« S,, is also consistent with the characteristics
shown in Fig. 3 which illustrate a 7, decreasing
with f, a clear indication that the density of p,
recombination centers increases as E, moves
towards E,. The changes in 7,, which over many
orders of magnitude of f exhibit a value of y
significantly different from 0.5 and 1, can be ex-
plained in terms of an exponential distribution of
states above midgap.?® Such a distribution
of N, states can be represented as Nl(E)
=Aexp [~ (E, —E)/kT,], where A is a constant and
T, (>T) is a parameter which expresses how
rapidly the densities change with energy. (T,=T
corresponds to a constant density of states). For
this notation y is given by T,/(T,+ T). The re-
sults shown in Fig. 3, where y = 0.7, reflect such
an exponential distribution having 7', = 2.3 and a
T, dominated by electrons trapped in the vicinity
of Ep,. However, the differences between 7, and
T, indicate that the same class of states cannot
act as both electron traps and recombination
centers. As a result T, is given by Eq. (9), where
due to the exponential nature of the N, the density
by2=N, ~kT N,(Eg,). This yields the relations
characterizing the results in Fig. 3 which are

1

P — L Sl 10a
"= VT N, £y)S,2 f ’ (102)
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and

The dependence of 7, and 7, in Fig. 4 are in
agreement with Eqs. (10a) and (10b). Applying
these equations to the results obtained for 7,

n and n, yields a value of ~10~'° cm? for S,

(the electron capture cross section of the centers
dominating the recombination) and a value of
~10'" em™® €V ~! for N,(Ef,). Even though these
T,., To characteristics are different from those

of Fig. 1, they yield similar values for »n, and S,,.
Also in both cases the electron trapping has been
dominated by the N, states, the densities of trapped
electrons are less than 10'® cm™ and there is no
indication that they exceed the densities of p,
states. These characteristics correspond to posi-
tions of E, sufficiently far away from E, so

as to leave the majority of the Ny, states empty
[Eq. (8)]. However, the results presented in Figs.
4 and 5, which exhibit transitions in photocon-
ductivities from y >0.8 toy = 0.5, indicate that
sufficiently large displacements of E, towards
E_ obtained with temperature lead to recombina-
tion and trapping kinetics similar to those shown
in Fig. 2. Although values of y = 0.5 can be attri-
buted to the presence of truly bimolecular recom-
bination, i.e., direct recombination between either
free or trapped carriers, such recombination is
highly unlikely with the densities of carrier indi-
cated by the results in Fig. 2. It has, however,
been shown that y = 0.5 can also be obtained when
the density of trapped electrons begins to exceed
p,, the density of deep recombination centers occi-
pied by holes.?° Under these conditions the density
of the p, = N,, centers in Eq. (9) becomes modi-
fied to p’, a value equal to the density of trapped
electrons. Because of the continuous distribu-
tion of states it is very difficult to evaluate the
exact density of trapped electrons; however, the
results shown in Figs. 3, 4, and 6 clearly indi-
cate that the transition toy = 0.5 characteristics
occur when Eg, is close to the large density of
N,, states in Fig. 6. As a result characteristics
such as shown in Fig. 2 can be associated with

a density n,, of electrons trapped in the N,, states
which are here approximated by an electron oc-
cupancy of a density of N, states at an energy

E, -Ep,. By making p’, =n,, and using Eqgs. (1a),
(1b), (3), (4), (8), and (10) the n, 7,, and T, of

this regime are given by

0.5
_ (SN (E -E ) 1
n (s——‘—"th") exp _E—MZkT , (11a)
Tym e f 03 (11b)

" vSnznt (Etn)
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and
n N E, -E
To B <7’l"> T" - T" (_Jﬂl‘c) =0 (_cﬁ—m.) Cﬁf—o.s,

(11¢)
where S,, is still the electron capture cross sec-
tion of the deep centers through which the free
electrons recombine with the free holes. The
transition to the above kinetics, from that deter-
mined solely by the occupation of the deep-lying
states, depends on both the density of p, states as
well as N;, and E,,. As a result even with the
same values of N,, and E,, transtions from y > 0.5
toy = 0.5 can occur at differnt positions of E,
‘when different densities of N,, states (and p, cen-
ters) are present in the films.

The results presented for the photoconductivities
having y = 0.5 are consistent with the relations
shown in Eq. (11). For example, applying Eq.
(11a) and (11b) to the results for the 7, and 7,
characteristics shown in Fig. 2, a value of S,
~107'° ecm? is obtained for the deep recombina-
tion centers. This is in very good agreement with
the values obtained from the quite different 7, 7,
characteristics shown in Figs. 1 and 4. In addi-
tion there is agreement between the values of
E,-E;,~0.2 eV obtained from electron drift mo-
bility measurements,® and the activation energies
of o, (v = 0.5) shown here and those reported by
Wronski and Carlson.?! These activation energies
of ~0.1 eV, quite different from the virtually
temperature-independent o,(y =0.9) in Fig. 3, are
consistent with the (E, —E,,)/2 given by Eq. (11a).
There is also agreement between the kinetics dis-
cussed here and the transitions present between
the photoconductivities having v >0.5 to those
having y = 0.5. These transition photoconductivi-
ties, oy, correspond to a boundary condition
where the electron lifetime satisfies both Egs.

(9) and (11). Since at this point the densities of
recombination centers are p, = p! = N, (E,,), the
two equations yield g7 as

OTr = qiy, <pr%:> exp (—- %) , (12)

where p, is the density of recombination centers
unoccupied by electrons at the transition point.

It can be seen from Eq. (12) that since o, de-
‘pends on f, the values of orr and the temperatures
of the transitions depend on f as seen in Fig. 4.
For p, and p,, which are insensitive to tempera-
ture, Eq. (12) yields an activation energy, Eqy,
for orr which is equal to E,—E;,. The results
obtained in Figs. 4 and 5 yield a value for E g
=E,-E,,~ 0.2 eV. Since 7, has some tempera-
ture dependence, a dependence which increases as
v deviates more from unity, the transition from

" region ofy =0.83 toy =0.5 is not as clearly defined

as that of y = 0.9.

The expressions shown in Eqs. (11) and (12) can
be used to estimate the densities of the shallow
states, N;,, and of the recombination centers from
results such as presented in Figs. 2, 3, and 5.
The constant ratio of 200 for 7,/7, present in Fig.
2 gives a value of 200 for (N,,/kT)exp|(E; -E,,)/
ET][Eq. (11c)]. Thus for E,-E,, = 0.2 eV a value
of N./N,,= 10 is obtained which corresponds to a
density N, =10 em™3for N, = 10°° cm™2. Although
this is a large density of states, .it is consistent
with the draft mobility results and a microscopic
free-electron mobility of 1to 10em?V ~!s™!, Al-
thoughthere is some uncertainty inthe exact values
of N,,, Eq. (12) can be used to obtain the densities of p,
centers present inthe transition photoconductivities,
orr- The values that are obtained from the re-
sults shown in Figs. 4 and 5 are p, <10 cm™ and
Py =2 to 3 X 10'" em™3, respectively. Such a large
difference in the densities of the p, centers is
consistent with the significantly longer electron
lifetimes (and larger photoconductivities) of the
annealed film. It is also a clear indication that
photoinduced recombination centers are intro-
duced by the 200 mW/cm?.® However, even in the
case of the “short” electron lifetimes such as
those shown in Fig. 1, the densities of these cen-
ters are still much smaller than N,,.

This large difference between N,, and the den-
sities of recombination centers having S,, ~ 10
cm?® has to be taken into account in the characteri-
zation of photoconductivities in which E, is close
to E, and E,,. Although the effects of other re-
combination processes and those due to holes
trapped in the p, states of Fig. 6 cannot be en-
tirely discounted, the transitions observed ino,
at the lowest temperatures in Fig. 3 can be readily
accounted for by the “saturation” of the centers
having S,= 10~'° cm? At these low temperatures
Ep, can approach sufficiently close to E,, to yield
densities of electrons trapped in the Ny, states,

n, (E,,) =p., which approach those of all the cen-
ters having S,,~10"'° cm®. When this occurs, the
electron recombination paths can no longer be
limited to only these centers so that a rapid de-
crease in7, occurs when E, is further displaced
which results in a low power dependence of 0, on
f.'® The transitions in o, from ay = 0.5 to a

y ~0.4 (and in the activation energy from ~0.1 to
~0.2 eV) present at the lower temperatures in
Fig. 2 are consistent with the results on the den-
sities of recombination centers that can be inferred
from such a mechanism. For the same values of
N,, and E as those discussed above in the case
of otr, the densities obtained for the centers hav-
ing S,,~107' are ~5 X 10'” em™3, which is consis-
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tent with the lifetimes of ~10~% and Eq. (9). Be-
cause of the difficulties in characterizing the
changes between the small values of y, no at-
tempt is made here to treat these transitions in
detail. However, they are briefly discussed be-
cause such changes in y are clearly not a low-
temperature effect since they have also been ob-
served on far-forward-biased Schottky barrier
solar-cell structures at room temperature. Also,
since they can be associated with the saturation of
certain recombination centers, they are an indi-
cation of a regime in which the electron and hole
lifetimes are approaching a common value.®

SUMMARY AND CONCLUSIONS

The photoconductivities of undoped discharge-
produced a-SiH, films, deposited at substrate
temperatures between ~200 and 300 °C, have been
characterized in terms of electron trapping and
recombination kinetics. These kinetics which
over a wide range of illuminations and tempera-
tures are consistent with free-carrier transport
and the treatments extensively discussed by Rose,
have been correlated with the states in the gap of
the ¢-SiH, films. The recombination and electron
lifetimes, which depend on the fabrication con~
ditions and the thermal and optical exposure his-
tories of the films, are found to be determined by
the states located at and below midgap where at
least two types of centers are present. The large
photosensitivity, o,, and the long electron life-
times, 7,, found in these films result from low
densities of gap states and recombination centers
having an electron capture cross section, S,, of
~10"' cm?. The observed wide range of values for
7, and 0, can be explained by the differences in
the densities of these centers and their effective-
ness in counteracting the presence of states having
much larger electron capture cross sections.

The different dependences of 7, and ¢, on the
intensity of illumination has been related to the
recombination through the deep centers. The pre-
viously discussed'®*?! values of y between 1.0 and
0.5, as well as those having values less than 0.5,
have been correlated with the continuous distri-
bution of gap states above midgap and the displace-
ments of the quasi-Fermi levels E;,. The role
of the states above midgap (and the dark Fermi
level) is found to be limited to that of electron
traps which in large part can be attributed to the
presence of the centers having S,~10~'° cm? and
their role of “electronic dopants.”?® Consequently,
not only the response-time characteristics but
also the values of y can be related to the densities
and energy distributions of these states. The re-
sults obtained indicate that the densities of states

in these films are ~10'7 cm™2 eV~! in the region
of ~0.6 to 0.35 eV from the conduction band E,
and that for energies within 0.2 eV the densities
are N,,~0.1 N~ 10! cm™3. These large densities
of shallow states are consistent with the results of
electron drift mobility measurements on similar
films. No evidence is found of the large peak

in density of states at ~0.4 eV from E_, a peak
that has been extensively reported® !':2® for dis-
charge-produced a-SiH, films. The absence of
such a peak, however, is in agreement with the
results reported by Hirose, Suzuki, and Doler?®
for their rf discharge-produced films. Our re-
sults also indicate the N;, shallow states act as
electron traps even down to temperatures of

~120 K and that the large densities of electrons
present in these states at high levels of illumina-
tion and/or low temperatures only influence the
kinetics of recombination through the deep-lying
centers.

The reversible changes in the photoconductivity
characteristics obtained with prolonged exposures
to illumination are consistent with the introduction
of photoinduced recombination centers deep in the
gap. No effects were observed which could be at-
tributed to changes in the states above midgap.
Even though large decreases in 7, occur, the
changes in recombination kinetics are entirely
consistent with an introduction of centers which
have S, significantly larger than ~107'° c¢m?, Also
the densities of these centers do not have to exceed
values of 10%® to 10'" cm™3 eV, since in the films
in which the largest changes have been observed
(r,~107? s) the densities of sensitizing centers
are estimated to be in the low 10*-cm™2 eV !
range. The large role that free-carrier capture
cross sections of recombination centers play in
determining the carrier lifetimes allows such
densities of states, which are ~107* that of the
hydrogen in the films,?*3° to significantly affect
the photoconductivity results. However, further
detailed characterization of centers, such as
discussed in this paper, is required before quanti-
tative correlations can be made between the densi-
ties of states in a-SiH, films and theoretical
models or structural defects present in the
films, 3132
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