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Doping superlattices prepared by depositing successively 105-A-thick layers of n-type, intrinsic,
and p-type amorphous hydrogenated silicon ( n-i-p-i structures), exhibit persistent photoconductivity
at room temperature. Persistent photoconductivity (PPC) is the excess dark conductivity that
remains after the sample has been exposed to white, heat-filtered light and that decays on a time-
scale of hours or days. We prove that PPC is a bulk effect and that the amount of light necessary to
induce a certain level of PPC decreases exponentially with temperature. is temperature depen-
dence corresponds to an activation energy of ~0.4 eV for the creation of “state PPC”; a slightly
higher activation energy (~0.7 eV) for the quenching of PPC is deduced from the annealing
behavior. Above around 400 K the sample can be transformed into a second metastable state C,
which does not exhibit PPC. The fact that the generation of PPC is thermally activated is incompa-
tible with an explanation of this effect simply in terms of metastable carriers which are spatially
separated in the space-charge fields of the n-i-p-i structure. We propose instead that holes are
trapped in acceptorlike centers, AX, in the p regions of the sample, whereas the balancing concen-
tration of electrons, confined to the # layers by the n-i-p-i fields and thus prevented from recombin-
ing with the holes, are responsible for PPC. The AX centers possess, in analogy to the DX centers in
Ga;_,Al,As, a strong electron-lattice coupling which accounts for the thermal activation energies
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of hole capture and ionization.

I. INTRODUCTION

The recombination Kinetics of optically generated car-
riers in doping-modulated amorphous hydrogenated sil-
icon (a-Si:H) has recently been investigated in the low-
(T <50 K) and high- (T > 300 K) temperature regimes.!?
In both cases excess carrier concentrations were observed
after the end of the illumination period with lifetimes that
exceeded those found in unstructured material by many
orders of magnitude. At room temperature these long-
lived carriers contribute to an excess nonequilibrium dark
conductance which is referred to as persistent photocon-
ductivity (PPC).2 This PPC exceeds the equilibrium dark

conductance by about 2 orders of magnitude under the ex-

perimental conditions of Ref. 2 and decays on a time scale
of the order of hours. In the low-temperature work of
Hundhausen, Ley, and Carius (Ref. 1), the photogenerated
carriers are trapped in tail states and are detected through
their contributions to an infrared- (ir) induced photocon-
ductivity transient. The recombination kinetics of the ex-
cess carriers were followed by varying the dark time be-
tween the end of the photocarrier creation and their reex-
citation by ir light. As in the PPC experiments of Ka-
kalios and Fritzsche? lifetimes in excess of 103 sec could
be observed.

The long lifetimes were in both cases attributed to the
spatial separation of electrons and holes in the electric
fields that exist in the amorphous doping superlattices, as
originally suggested by Dohler,® although Kakalios and
Fritzsche suggested alternative explanations as well. The
situation is schematically sketched in Fig. 1 for a n-i-p-i
superlattice, i.e., one where alternating layers of n- and p-
doped a-Si:H are separated by layers of intrinsic material.
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The regular alternation in the type of doping results in a
periodic modulation of the band-edge energies with an
amplitude eAU in the direction perpendicular to the sam-
ple surface [see Fig. 1(a)], whereas the material is homo-
geneous and isotropic in the plane parallel to the surface.
The electric fields accompanying the band-edge modula-
tion separate electrons and holes which accumulate in the
band extrema: electrons in the n layers and holes in the p
layers. Even for the smallest mobility-lifetime product ur
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FIG. 1. Schematic real-space band diagram of an n-i-p-i
structure: (a) equilibrium; (b) with a concentration of spatially
separated photoexcited carriers sufficient to reduce the band
modulation.
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of 1071 cm?/V measured* in a-Si:H and for quite
moderate internal fields of E= 10° V/cm a drift length of
1000 A is achieved. This is sufficient to separate elec-
trons and holes in superlattices with periods of less than
500 A and thereby reduce their recombination probability.
It could indeed be shown in Ref. 1 that the lifetime of the
excess carriers increased exponentially with superlattice
period as expected when recombination proceeds via tun-
neling to carriers of opposite sign or to a recombination
center.

Another characteristic aspect of Dohler’s model is the
saturation in the concentration of spatially separated car-
riers. Due to their long lifetimes electrons and holes accu-
mulate in the n and p regions, respectively, and set up
space charges which reduce the modulation amplitude
eAu of the band energies and thereby the magnitude of
the electric fields [see Fig. 1(b)] until no further carrier
separation occurs. Our studies' at low temperatures
showed that the maximum concentration of spatially
separated carriers and the way this concentration depends
on the superlattice period agrees with this model. As we
shall show in Sec. III A, the initial probability for the spa-
tial separation of photogenerated carriers is close to unity.
In contrast to this result, much higher photon fluxes (10!
cm~2sec™! compared to ~10'7 cm~2sec™! at T=5 K)
turned out to be necessary to achieve saturation of PPC
according to Ref. 2.

The samples used in Ref. 2 were n-p-n-p multilayers
deposited in a two-chamber system whereas the specimens
in Ref. 1 were of the n-i-p-i variety prepared in a continu-
ous plasma by switching between different gases. Past ex-
perience has shown that the properties of a-Si:H depend
often critically on preparation conditions. We therefore
considered it necessary to investigate light-induced con-
ductivity changes in our samples as well, in order to estab-
lish whether high-temperature PPC is an intrinsic effect
of amorphous doping superlattices in general or peculiar
to the preparation conditions employed in Ref. 2. As it
turned out, high-temperature PPC is also observed in our
samples and we consequently widened the scope of our in-
vestigation in an attempt to shed further light on this
phenomenon. To this end we measured the temperature
dependence of PPC in n-i-p-i superlattices and establish-
ed that a thermal barrier for the creation of PPC exists.
This result sets PPC clearly apart from Ddhler’s model of
charge separation where no such barrier exists.

These and further measurements of light-induced ef-
fects in n-i-p-i structures are presented in Sec. III after a
short description of sample preparation and experimental
conditions is given in Sec. II. The results are discussed in
the light of PPC in crystalline materials in Sec. IV and a
novel mechanism for the excess dark conductivity in
amorphous doping superlattices is proposed. A short
summary concludes the paper.

II. EXPERIMENTAL

The experiments were almost exclusively performed on
an n-i-p-i multilayer (sample 61) consisting of 22 perjods.
The n, i, and p layers have identical widths of 105 A re-

M. HUNDHAUSEN AND L. LEY 32

sulting in a total thickness of 0.9 um. This particular
sample was selected because it showed in our earlier ex-
periments at 7=5 K the highest density of spatially
separated nonequilibrium carriers.! This sample—as well
as others—was prepared by the glow-discharge decompo-
sition of SiH, in a computer-controlled continuous rf
plasma on quartz substrates held at a temperature of
350°C. rf power density and gas pressure were main-
tained at 0.08 W/cm? and 0.25 Torr, respectively. Doping
was achieved by adding alternately 100 ppm PH; (n-type
layer) or B,Hg (p-type layer) to SiH;. The activation ener-
gies of unmodulated samples with the same doping were
0.16 eV (n type) and 0.65 eV (p type), respectively. The
discharge vessel, pumps, valves, and seals were designed
and maintained according to ultrahigh-vacuum standards.

Chromium contacts were evaporated onto the samples
after deposition either as two strips with a gap of 1X 10
mm? or as intermeshed electrodes with an effective gap of
0.4 70 mm?. Both gave Ohmic curves with 10 V applied
voltage. We verified that the measured conductance was
representative for the bulk of the multilayer structures
and not just the top layer by illuminating the sample with
strongly absorbed blue light (hv=3.1 eV, a~5x10°
cm~!) from the front and through the substrate. The
same photoconductivity was observed in both cases. We
also compared our contacts with those prepared according
to the method employed by Kakalios and Fritzsche,? i.e.,
we scratched the sample surface before applying the con-
tacts and found no difference. These tests indicate that
the resistance perpendicular to the layers is small com-
pared to that parallel to the layers as a result of the
geometrical advantage of large-area contacts.

All measurements were performed in an oil-free vacu-
um of 10~* Torr.

III. RESULTS

A. Persistent photoconductivity

Figure 2 illustrates PPC in our amorphous n-i-p-i su-
perlattice. The initial state 4 corresponds to a sample
that has been annealed at 500 K in the dark and under
vacuum for about 30 min. The sample is then illuminated
with heat-filtered light (hv> 1.4 eV) from a quartz iodine
lamp with a power density of 300 mW/cm? for various
periods of time while the conductivity o is monitored.
The results of these measurements may be summarized as
follows. (i) The sample exhibits a photoconductivity of
Opn=2X 1072 Q~'cm™! during illumination which is
comparable to unstructured a-Si:H. (ii) The conductivity
decays nonexponentially on a timescale of 10? sec after the
end of the illumination and reaches a value oppc, the per-
sistent photoconductivity, which exceeds o 4, the conduc-
tivity in state 4. The PPC decays on a much longer time
scale of the order of hours and days. (iii) The value of
oppc increases with increasing illumination times as illus-
trated in Figs. 2(b) and 2(c) for additional illumination
periods of 5 and 60 sec, respectively.

When plotted against the illumination time as in Fig. 3
a saturation of oppc appears to manifest itself in the
bending-over of oppc versus ¢ around #=10000 sec. This
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FIG. 2. Conductivity of an a-Si:H n-i-p-i superlattice after
annealing (state A) and after (a) 1, (b) 5, and (c) 60 sec illumina-
tion with 300-mW/cm? heat-filtered light at T=300 K. Time
zero corresponds to the end of the illumination. Notice the dif-
ferent conductivity scales of the three frames.

time corresponds to a total density of absorbed photons of
about 10%° cm~3. On the left-hand side of Fig. 3 we have
plotted for the same sample the concentration of spatially
separated excess carriers at 7=35 K as a function of ab-
sorbed photon density. The carrier concentrations were
determined according to Ref. 1 from the amplitude of the
infrared-induced photoconductivity transient. The carrier
concentration is initially proportional to the density of ab-
sorbed photons.’ Extrapolating the initial slope to the
highest possible density of excess carriers [see Fig. 1(b)] as
determined in Ref. 1 yields a photon density of 2.3 10
cm™3, This photon density is 8 orders of magnitude less
than necessary to approach saturation of PPC at 7T'=300
K

The influence of the temperature during illumination
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FIG. 3. (a) Concentration of spatially separated carriers at
T=5 K as determined by the method of Ref. 1 as a function of
illumination time. (b) Buildup of persistent photoconductivity,
oppc, at T=300 K as a function of illumination time. oppc is
measured 5 min after the end of the illumination. Irradiation
times have been expressed in terms of absorbed photon densities
(upper abscissa) on the basis of an average photon energy of 2.0
eV and a corresponding absorption coefficient of 2.5 10* cm ™.
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FIG. 4. Persistent photoconductivity, measured at room tem-
perature, oppc(300), as a function of irradiation times, ¢. Pa-
rameter is the temperature during irradiation. Straight lines
represent the relationship between oppc(300) and Ft according
to oppc(300) o (Ft)¥, where F is the illumination density.

on oppc (measured at T=300 K) is illustrated in Fig. 4.
It turns out that with increasing temperature fewer pho-
tons are necessary to achieve a given level of oppc. At
T =80 K virtually no PPC could be induced even after a
total of 3000 sec of illumination at a level of 300
mW/cm?. For a given temperature the relationship be-
tween oppc and the product of illumination time and
power density F is well described by a power law
oppc < (Ft)” with an exponent that varies between v=0.26
for T=250 K and v=0.65 for T=380 K.

Conversely, we might ask what irradiation time 7 is
necessary to reach a PPC state characterized by a value of
oppc=Xx0 4. Arrhenius plots of 7 versus 1/T in Fig. 5
suggest that the transition from state A4 to state PPC in-
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FIG. 5. Time necessary to reach a given level of oppc vs 1/T.
Also plotted is the relaxation time 7ppc_, 4 Which is defined as
the time after which PPC is reduced by a factor of 2 from its
value 4 min after the end of the illumination.
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volves a thermally activated step. The activation energies
E 4 _, ppc derived from linear regressions to the data points
of Fig. 5 depend somewhat on x, the choice made for
oppc- We obtain E,_ ppc=0.31 eV for x =4 and
EA _,ppc=0.45 eV for x=10.

The relaxation of state PPC proceeds also faster with
increasing temperature and we derive an activation energy
EPPC—-»A =0.7 eV (see Flg. 5).

B. State C

We expect, according to Fig. 5, that the state PPC cor-
responding to oppc=100 4 is established in less than 0.1
sec at T=480 K [(1000 K)T=2.1]. This expectation is
indeed borne out by Fig: 6(a) where PPC is fully establish-
ed after 2 sec of illumination followed by the relaxation of
PPC to state 4. As a corollary we do not anticipate any
changes in o for illumination times longer than 1 sec.
This is, however, not the case as illustrated in Fig. 6(b) for
an irradiation period of 130 sec. The conductivity rises
initially with a time constant of 0.1 sec (from Fig. 5) to a
value which is the sum of oppc and oy, the normal pho-
toconductivity. The conductivity drops during illumina-
tion from this value with an initial time constant Tppc_, ¢
of 20 sec and approaches a level that is equal to the pho-
toconductivity of the sample (see Sec. IIIC). As the light
is switched off at t=0, o drops instantaneously to a value
below o, and recovers subsequently over a period of
several hundred seconds to its dark value o 4(480 K). The
sample is obviously transformed during the illumination
into a new state C that is characterized by a dark conduc-
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FIG. 6. Conductivity of an amorphous n-i-p-i superlattice as
a function of time at T=480 K for different irradiation periods.
Power density of the heat-filtered light is 300 mW/cm? (a) Ir-
radiation time 2 sec. Sample shows the decay of PPC on a time
scale of ~50 sec. (b) Irradiation time 130 sec. Transformation
from PPC to C during illumination and subsequent decay of
state C into A.
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tivity oc smaller than o, in contrast to the excess con-
ductivity in state PPC. The generation of C, during il-
lumination, which is accompanied by the decrease in con-
ductivity proceeds with a time constant 7ppc_,c as indi-
cated in Fig. 6(b). It turns out that Tppc_, ¢ decreases with
increasing - temperature, according to  Tppc_.c
=7o,ppc—ceXP(Eppc_,c/kT) with an activation energy
Eppc_,c=0:8 eV as shown by the Arrhenius plot of Fig.
7. The prefactor 7o ppc_.c depends, of course, on the light
intensity. We establish, however, that the product of time
constant and the asymptotic photoconductivity
Tppc—cOph is independent of the illumination intensity at
a given temperature. The relaxation time 7¢_, 4 which
characterizes the return to equilibrium state A4 after the
end of the illumination is also thermally activated with an
activation Ec_, 4,=0.8 eV as demonstrated in Fig. 7 as
well.

Since the relaxation time from C— A is comparatively
long and steeply activated it should, in principle, be possi-
ble to “freeze-in” state C at room temperature. State C,
prepared at T=450 K [(1000 K)/T=2.2], relaxes into
state A with a time constant of 500 sec at this tempera-
ture. Cooling the sample with a rate of 20 K/min down
to room temperature allows us to quench-in the now
metastable state C with minimal relaxation into 4. While
samples in states 4 and C differ only marginally in their
room-temperature dark conductivity they are readily dis-
tinguished owing to their very different sensitivity to il-
lumination. This is demonstrated in Fig. 8 where we plot
the room-temperature dark conductivity of an n-p-n-p
sample in states 4 and C after increasing illumination
times. The illumination was performed with - 300-
mW/cm? heat-filtered light at a slightly elevated tempera-
ture (T=360 K) corresponding to (1000 K)T=2.8 be-
cause according to Fig. 5 briefer irradiation periods are
sufficient for the creation of persistent photoconductivity
than at room temperature. The sample in state 4 shows
indeed the expected buildup of PPC. Saturation with a
50-fold increase in o is achieved after about 100 sec. A
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TPPC~C

TIME (s)

15 20 25 30
; 103/ T (K
FIG. 7. Arrhenius plots of the time constants for the ob-
served transformations between states 4, PPC, and C. Corre-
sponding activation energies are indicated.
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FIG. 8. Dark conductivity vs illumination time for an n-p-
n-p superlattice starting from states 4 and C.

further increase in PPC is limited by the creation of state
C as indicated by the drop in dark conductivity for il-
lumination times beyond 100 sec. The sample previously
brought into state C is, on the other hand, virtually in-
sensitive to light exposure and can no longer be
transformed into state PPC as illustrated by the lower
curve of Fig. 8.

C. Conductivity activation energies

Figure 9 shows Arrhenius plots of the dark conductivi-
ties in states 4, PPC (1000 sec), and C of our n-i-p-i su-
perlattice. The conductivities are activated in all three
cases with an activation energy of 0.62 and 0.64 eV in
states A4 and C and similar o, values of 3500 Q~!'cm™!
and 4000 Q~!cm ™!, respectively.  The higher conductivi-
ty in state PPC is mainly the result of a reduced activa-
tion energy of 0.54 eV, whereas o is 5000 Q lem~L
Longer illumination times reduce Eppc further and this
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FIG. 9. Arrhenius plots of the photoconductivity (upper
curve) and the dark conductivities in states 4, PPC, and C.
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results in a correspondingly higher oppc. Since C and
PPC are metastable the three conductivity curves merge
around 7T=500 K [(1000 K)/T=2] when approached
from below.

The creation of states PPC and C is intimately related
to the presence of photocarriers. As we have seen, the
times necessary to establish C are, for example, inversely
proportional to the photoconductivity. It is thus conceiv-
able that the thermal activation energies connected with
these transitions are largely due to the activation energy of
photoconductivity. That this is not the case is demon-
strated by the temperature dependence of the photocon-
ductivity of our sample in Fig. 9. The measurements were
performed with the same light intensity of 300 mW/cm?
used throughout this investigation. The activation energy
of 0.04 eV is clearly substantially lower than any of the
activation energies observed for the light-induced
transformations.

D. Is PPC a surface effect?

PPC has been observed for unstructured a-Si:H samples
in three instances.®—® In one case, that of slightly boron-
doped a-Si:H, the occurrence of PPC could be traced to
the presence of an oxide surface layer.® This raises the
question as to whether PPC is truly a bulk property of
modulation-doped a-Si:H. We have therefore measured
PPC in our n-i-p-i sample before and after a 1 min etch
in 5% HF and found no difference. A compensated sam-
ple, prepared in the same deposition system, also exhibits
PPC, a result that is in agreement with Ref. 7. When sub-
jected to the same treatment as the n-i-p-i sample, howev-
er, it showed a reduction in PPC by an order of magni-
tude. We conclude therefore that PPC in n-i-p-i struc-
tures is a true bulk effect, whereas it is related to the sur-
face in all other cases.

IV. DISCUSSION
A. State PPC

PPC is a phenomenon that is observed in a wide variety
of crystalline semiconductors.>!® In many instances PPC
can be traced to the spatial separation of photogenerated
carriers by macroscopic barriers which leads to an in-
crease in carrier lifetime as a result of their reduced
recombination probability. A well-documented example is
that of a thin epitaxial layer of n-type GaAs on an insu-
lating GaAs substrate.!"!? The carriers are separated in
the field of the n-i junction. The holes diffuse into the
substrate where they are trapped in deep traps and are
thus rendered. immobile. The excess electrons remain
mobile and contribute to an excess dark conductivity after
the light has been switched off. The relaxation of this
PPC occurs through the recombination of increasingly
distant pairs of electrons and holes which leads to the
characteristic nonexponential decay of PPC (Ref. 12) that
is also found in our case.

An analogous explanation has been given for PPC in
weakly p-type a-Si:H where the barrier responsible for the
carrier separation is formed by a surface oxide which in-
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duces a hole accumulation layer and traps the excess elec-
trons.$ )

Doping superlattices with their periodic arrangement of
p-n junctions are expected to exhibit PPC as well. Ploog
and Kiinzel'® indeed observed an increase in the lifetime
of photocarriers by 12 orders of magnitude in a crystalline
GaAs doping superlattice compared to unmodulated
GaAs. It is thus not surprising that the original observa-
tion of PPC in n-p-n-p a-Si:H superlattices® was associat-
ed with the charge separation by the internal barrier fields
as suggested by Dohler. Our results presented here corro-
borate that PPC is a bulk phenomenon that occurs gen-
erally in doping multilayers of a-Si:H independent of de-
tails in preparation (one- versus two-chamber deposition)
or structure (n-p-n-p versus n-i-p-i). We argue, neverthe-
less, that PPC in doping superlattices of a-Si:H cannot be
explained straightforwardly by Déhler’s model for the fol-
lowing reasons.

Our earlier experiments in Ref. 1 and the results of Fig.
3(a) show that it is possible to store excess photocarriers in
the n and p regimes of an n-i-p-i superlattice in accor-
dance with Doéhler’s model with an efficiency of about
one at T=5 K. The density of these excess carriers in
our n-i-p-i sample was calculated to be 1.6 10'® cm—3,
It is thus natural to assume that the same carriers are re-
sponsible for the observed room-temperature PPC. As it
turns out, however, the spatially separated charges are
only stable at temperatures below ~10 K, i.e., as long as
they remain trapped in the valence- and conduction-band
tails. Under these circumstances the lifetime of the car-
riers depends exponentially on their separation according
to 7=7pexp(—2R /R) where R, is a characteristic radius
of the carrier wave function of the order of 10 A, and R,
the average separation of the carriers from each other or
from a recombination center, increases with increasing su-
perlattice period.! The lifetime of the carriers is rapidly
reduced if they are excited either thermally or by infrared
radiation above their respective mobility edges. This pro-
cess is depicted in Fig. 10 where we plot the concentration
of spatially separated excess carriers in our n-i-p-i sample
as a function of temperature. The specimen originally in
state 4 was loaded with excess carriers by band-gap il-
lumination at 7=5 K. After annealing at a given tem-
perature for four minutes the sample was again cooled to
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FIG. 10. Density of separated carriers at T=5 K that
remain after annealing at increasing temperatures.
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5 K and the carrier concentration determined from the
amplitude of the ir photoconductivity transient as
described in Ref. 1. It is evident that at T=80 K only
5% of the original carrier concentration remains and this
value is likely to be further reduced at room temperature
and above. Any remaining spatially separated carriers are
not responsible for PPC because PPC is not observed in
specimens that were in state A before the low-temperature
loading. On the other hand, a sample that has been
brought into state PPC exhibits the transient ir photocon-
ductivity at low temperature only after it has experienced
additional band-gap illumination that fills the band extre-
ma. The same sample when brought up to room tempera-
ture is still in state PPC with unchanged conductivity in
spite of the fact that the excess carriers stored at low tem-
peratures have recombined during the warm-up period as
illustrated in Fig. 10.

We are thus led to the conclusion that the PPC ob-
served in n-i-p-i or n-p-n-p superlattices cannot be ex-
plained simply in terms of Dohler’s model, a model that
clearly applies to the low-temperature storage of excess
charges. The low-temperature effect and PPC are obvi-
ously quite independent of each other. Furthermore, the
fact that thermal energy is required to establish PPC im-
plies the presence of barriers in one of the microscopic
steps that are responsible for PPC. In Dghler’s model
such barriers exist only for the recombination of separated
carriers in the form of potential barriers. But they are
certainly absent if we were to describe the creation of PPC
in terms of this model.

We have, at present, no satisfactory microscopic
description to explain PPC in n-i-p-i or n-p-n-p struc-
tures. We can make, however, a few clarifying remarks
concerning possible mechanisms. First, recall that PPC in
doping superlattices is a bulk effect and not due to surface
fields as in compensated or p-type samples. Secondly,
thermopower measurements indicate that PPC is due to
electrons.'* That implies that holes are trapped thus rais-
ing the quasi-Fermi-level of electrons, Er, due to the lack
of recombination partners. The increase in conductivity
in state PPC over that in A4 corresponds to a lowering of
the activation energy by about 0.08 eV (see Fig. 9). The
number of electrons necessary to accomplish this shift in
Ep is approximately 10> ¢cm~3 assuming a density of
states of 10! cm~3eV~! near the equilibrium position of
Ep. This is only one thousandth of the excess carrier con-
centration that can be stored in the same n-i-p-i sample
below 10 K.

The buildup of PPC may then be envisaged as follows.
Photogenerated electrons and holes drift during illumina-
tion towards the n and p regions, respectively, and main-
tain excess carrier densities which are determined by the
balance between creation and recombination rates. With
the end of the illumination most carriers recombine (drop
of photoconductivity) except for a small fraction of holes
which has been trapped during illumination in special
traps in the p regions. The balancing number of electrons
remain in the n regions and are responsible for the per-
sistent photoconductivity

The hole traps are of a special kind in that they have to
be thermally sensitized with an activation energy of about



0.4 eV and a slightly higher barrier has to be overcome for
their ionization (see Fig. 5). The latter barrier renders the
hole in these traps rather immobile compared to the ma-
jority of holes which are trapped in shallow centers and
are obviously able to recombine with electrons even at
temperatures as low as 80 K as we have seen in Fig. 10.
Thus the recombination mechanism of Fig. 10 requires
that both electrons and holes are mobile to be able to drift
to a recombination center with an energy close to midgap
and situated at the boundary between n and p regions. A
temperature of 80 K is clearly insufficient to overcome
the potential barriers that separate electrons and holes in
n-i-p-i structures.!”> The spatial separation of the holes
immobilized in the centers of the p regions and the
balancing electrons kept in the n regions by the n-i-p-i
potentials is thus responsible for the reduced recombina-
tion rates which give rise to the long-lived PPC.

The special hole traps are, in our opinion, not peculiar
to doping superlattices but are present also in unstruc-
tured a-Si:H. This raises the question why PPC is not
generally observed in unstructured amorphous silicon.
The reason is that the electrons which balance the trapped
holes are free to move towards the holes and recombine in
unstructured material. Band bending as a result of space-
charge layers at surfaces can act in the same way as the
n-i-p-i fields. This explains the observed surface-sensitive
PPC of oxidized and compensated samples.%’

B. The AX center

An electron trap that requires thermal energy in order
to be filled is the so-called DX center that has been identi-
fied in Te-doped Al,Ga,_,As (x=0.4).1%'7 It is believed
that the DX center consists of a donor (Te)-vacancy com-
plex. The electron capture is thermally activated with an
activation energy of ~0.2 eV due to a strong electron-
lattice coupling which raises the donor level above the
conduction-band edge once the electron has been released.
The resulting barrier leads to a low-temperature PPC in
Al,Ga,_,As because electrons (the majority carriers) can-
not recombine with their donors once they have been gen-
erated by sub-band-gap illumination with an energy suffi-
cient to ionize the donors.

We propose that an analogous trap is responsible for
PPC in amorphous doping superlattices. The center—we
call it AX because it has the character of an acceptor—
traps holes and reduces thereby the recombination proba-
bility of electrons which cause the persistent photocon-
ductivity. In analogy to the DX center, we postulate that
a strong electron-lattice interaction at the site of AX is re-
sponsible for the thermal barrier of ~0.4 eV=E ,_, ppc.
Note that the roles of the activation energies for the neu-
tralization of DX and AX centers are reversed: in
Al,Ga;_,As (DX) they reflect the barrier against the
quenching of PPC whereas it is the barrier against the
creation of PPC in the n-i-p-i structures that requires
thermal energy. A different activation energy is necessary
for the ionization of AX which is, of course, identical
with the activation energy for the quenching of PPC:
EPPC—»A =0.7 eV.

Once we accept the existence of AX centers several ave-
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nues are open to explain PPC as a bulk property of amor-
phous n-i-p-i and n-p-n-p structures. We can assume
that the AX are not recombination centers, i.e., holes that
are trapped in an AX are no longer available for recom-
bination even if they coexist in regions of high electron
concentrations. In this case AX centers have to be related
to the special preparation procedure of n-i-p-i or n-p-n-p
multilayers because otherwise unstructured a-Si:H would

‘also exhibit bulk PPC and that is not the case. Alterna-

tively, it is conceivable that AX centers are located at the
interfaces between the layers. We have indeed evidence
from hydrogen profiles that the n-p interface has an ex-
cess hydrogen concentration. The observation of PPC in
the structure of Ref. 2 which were prepared entirely dif-
ferent from the samples discussed here and in unstruc-
tured specimens®~® leads us to the conclusion that A4X
centers are not specific to n-i-p-i or n-p-n-p superlattices.
This leaves only the scenario already sketched above. AX
centers are dispersed throughout the material. They can
act as recombination centers and this prevents PPC from
occurring in unstructured material. Only the spatial
separation of free electrons and trapped holes in doping-
modulated a-Si:H makes PPC possible.

The strong electron-lattice interaction ascribed to AX
comes as little surprise for an amorphous system; it is
indeed at the heart of the small-polaron theory of trans-
port in a-Si:H (Ref. 18) and responsible for the 0.4-eV
Stokes shift of the 1.4-eV luminescence band.!” The
lowest unoccupied level of AX in its charged state is
pushed into the valence-band continuum by the electron-
lattice interactions. Once neutralized by the capture of a
hole the lattice around AX relaxes towards a different
equilibrium such that the energy of AX° is above the
valence-band edge.

The quenching of PPC, i.e., the transition from A4X° to
AX~, requires an activation energy of about 0.7 eV and
the binding energy E, of the AX? is thus ~0.3 eV, the
difference between E,_,ppc and Eppc_, 4. This means
that AX° lies in the valence-band tail of a-Si:H.

C. State C

The second light-induced state of the amorphous n-i-
p-i structures, state C, is also thermally activated. Owing
to its higher activation energy of 0.8 eV compared to the
transition from A4 to PPC, state C can only be reached by
passing through state PPC after prolonged irradiation at
elevated temperatures. This raises the question of wheth-
er C is a state sui generis, i.e., unrelated to PPC, or wheth-
er the changes that take place in state C affect the AX
centers directly and are thus responsible for the loss of
PPC. The creation of new deep-lying defects or the
thermally activated trapping of the excess electrons in DX
centers could, for instance, force the quasi-Fermi-level of
electrons from that in state PPC back towards its value in
state A and thus eliminate the excess dark conductivity.
Such a model would fall under the first alternative. Its re-
lationship to the Staebler-Wronski effect (SWE) is obvi-
ous. We are quick to ascertain, however, that we are deal-
ing not with the Staebler-Wronski effect here. The high
activation energy for the creation of ‘C makes it impossi-
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ble to establish C at room temperature where the
Staebler-Wronski effect is readily achieved in our samples.
The creation of SWE is not thermally activated in con-
trast to creation of state C.

In favor of the second alternative, namely that the tran-
sition PPC—C affects the AX centers, is the observation
that state C appears to be identical to 4 except for the
loss of PPC. Any further speculations about the nature of
state C are entirely premature and must await further ex-
periments. It is nevertheless reasonable to state that the
observation of a maximum PPC level does not establish a
saturation of PPC but rather a limitation through the in-
terference of state C.

V. SUMMARY AND CONCLUSIONS

We have established room-temperature persistent pho-
toconductivity with decay times of hours and days in
n-i-p-i doping superlattices based on amorphous hydro-
genated silicon. PPC in n-i-p-i structures is a bulk effect
and not related to surface properties as in compensated
material. The creation and quenching times of PPC are
both thermally activated with activation energies of ~0.4
and 0.7 eV, respectively. This excludes an explanation of
PPC along the lines suggested by Dohler® as due to car-
riers which are spatially separated in the n-i-p-i fields be-
cause there exists no barrier for this process. We could
demonstrate, in fact, that the two phenomena are mutual-
ly exclusive in the sense that charge separation according
to Dohler’s model is stable only below ~10 K whereas
PPC cannot be established below ~ 80 K.

We suggest that PPC in n-i-p-i and n-p-n-p structures
is caused by the trapping of holes in AX centers in the p-
type regions which leaves long-lived electrons in the n re-
gions that contribute to an excess dark conductivity after
illumination. The AX centers are acceptorlike and we
postulate a strong electron-lattice coupling that allows
small thermal barriers against ionization and neutraliza-
tion (~0.7 eV) while keeping the corresponding vertical
energies (i.e., . without lattice relaxation) prohibitively

large. The carrier concentration responsible for PPC is in
this model orders of magnitude smaller than the max-
imum concentration of excess carriers that can be stored
due to the band modulation at low temperatures.

A third state C can be induced after prolonged il-
lumination at elevated temperatures that eventually super-
sedes state PPC. Since C exhibits no PPC, it limits the
maximum observable persistent photoconductivity.
Creation and quenching of C are also thermally activated
and it is argued that changes involving the AX centers are
possibly involved in the transition from PPC to C.

The present work is, of necessity, a detailed account of
the new light-induced phenomena that are distinctive
features of the doping-modulated superstructure based on
a-Si:H. Their microscopic origin is to a considerable ex-
tend delineated by what they are not: namely Staebler-
Wronski effect or a mere charge separation as observed
earlier at temperatures below 10 K. The postulated 4X
center with its strong electron-lattice coupling is specula-
tive as yet but appears to be the only reasonable explana-
tion for the persistent photoconductivity.

Note added. Possible candidates for the AX defect are
dangling bonds which are present in sufficient concentra-
tions. In order to examine this possibility we have il-
luminated the sample at 80 K with 300 mW/cm? white
light for 1 h. This treatment is known to rise the density
of dangling bonds by about a factor of 4 through the so-
called Staebler-Wronski effect,”’ without inducing PPC
(compare Fig. 4). The creation of PPC at room tempera-
ture was not affected by this treatment, however, which
makes it unlikely that dangling bonds are the centers re-
sponsible for PPC.
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