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Carrier Recombination Times in Amorphous-Silicon Doping Superlattices
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Doping superlattices, i.e. , multilayer structures consisting of ultrathin (50 A ~ d ~ 400 A)
n-type, intrinsic, and p-type layers of a-Si:H {nipi structures}, have been produced. Up to a
tenfold increase in their infrared photoconductivity after band-gap illumination compared to
unstructured a-Si:H is observed. The results are well described by a simple model for the
carrier recombination kinetics that takes into account the spatial separation of electrons and
holes due to the modulation of the band energies.

PACS numbers: 72.20.Jv, 68.55.+ b, 71.25.Mg, 72.40.+ w

The advances of molecular beam epitaxy have
made possible the growth of complicated thin-layer
semiconductor heterostructures that range from a
few layers to compositional superlattices. ' Another
achievement of the same technique is the realiza-
tion of doping superlattices, i.e. , a system composed
of a periodic sequence of ultrathin n- and p-doped
semiconducting layers with, possibly, intrinsic lay-
ers of the same material in between. Some of the
unusual properties of these so-called "nipi crystals"
such as a tunable band gap and two-dimensional
subbands have recently been reported for nipi struc-
tures based on GaAs. It is but a small step to im-
agine superlattices based on amorphous hydro-
genated silicon (a-Si:H), a material that is known to
be dopable. Such a superlattice combines aspects
of a crystalline periodic structure in the direction
perpendicular to the layers with the amorphous na-
ture of the material that it is based on.

We have realized amorphous nipi superlattices
0

with layer thicknesses between SO and 800 A and
up to a total of 200 layers. The samples were pre-
pared by the glow-discharge decomposition of SiH4
in a computer-controlled continuous rf-plasma on
quartz substrates held at a temperature of 3SO'C.
Doping was achieved by adding alternately 100 ppm
of PH3 ( n-type layer) or 82H6 (p-type layer) to
SiH4. The individual layers were of equal thickness
d = d; = d„=d~ resulting in nipi periods from 200 to
3200 A. The number of deposited layers was ad-
justed to give a total thickness of about 1 p, m. The
correct doping profile was confirmed by secondary-
ion mass spectroscopy nuclear reaction techniques,
and the selective etching of the n layer with CP6.

The regular alternation in the type of doping
results in a periodic modulation of the band edge
energies in a direction perpendicular to the film sur-
face as depicted schematically in Fig. 1(a), whereas

the material is homogeneous and isotropic in the
plane parallel to the surface. The modulation of the
band energies is accompanied by built-in electric
fields that are expected to act strongly on mobile
charge carriers and thus affect their recombination
kinetics. We have studied the recombination times
of photoexcited carriers in nipi structures using the
transient infrared (ir) photoconductivity that is ob-
served after the band-gap illumination has been
turned off. The results of the measurements are
explained in terms of a simple model which we shall
describe first.

Referring to Fig. 1(a) we expect that a portion of
the photoexcited electrons will drift to the con-
duction-band minima in the n layers while a portion
of the holes accumulate near the valence-band
maxima in the p layers. The recombination proba-
bility of these spatially separated carriers decreases
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FIG. 1. Schematic real-space band diagram of a nipi
structure. (a) Equilibrium; (b) with a concentration of
photoexcited carriers sufficient to reduce the band modu-
lation.
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drastically over that found in unmodulated speci-
mens (see below and Ref. 2). As a result, electrons
and holes will build up space charges which reduce
the modulation amplitude 4 U of the band energies
and thus also the magnitude of the electric fields
[Fig. 1(b)]. The carrier density necessary to reduce
5 U to zero follows from Poisson's equation:

d'U/dz' = (1/e„~o)p(z). (1)
Assuming constant and equal but opposite charge
densities p„=—

p~ in the n and p layers, respective-
ly, and p=0 in the i layers the integration of Eq.
(1) yields for the charge p„necessary to offset a
built-in modulation amplitude 6 U

p„=—5 U —, e„eo/d, (2)

where d is the thickness of the individual layers.
Hence the maximum excess density of electron-
hole pairs which can be trapped separated from each
other is

Xm,„=—,
' p„/e= —,

' (e,eII/e) d 5 U. (3)

The factor 4 takes into account that charges of
either sign are only stored in one quarter of the
nisi repeat unit. With e, =11 and EU=0.9 eV, a
value determined from differences in the activation
energies of unstructured samples, we obtain
N,„=1.8 & 10ts[(100 A)/d ] cm . This number
is, of course, only an estimate depending on the
simplifying assumption of constant charge densities
in the doped layers. If the density of carriers
exceeds W,

„

they are no longer separated by nipi

fields and behave like those in unmodulated a-Si:H
specimens.

At temperatures below —30 K the recombina-
tion of trapped carriers proceeds via tunneling and
their lifetime ~ depends on the separation R
between electron and hole or between carrier and
recombination center according to

'r (R) = ro exp (2R /R p) . (4)
0

In a-Si:H, R 0- 10 A and the prefactor 70 is typical-

ly 10 ' sec for nonradiative and 10 sec for radia-
tive tunneling, respectively.

As a result of these considerations we expect the
lifetime of the nisi-field-separated carriers to in-
crease with d according to Eq. (4) provided that d
exceeds the average intrinsic separation R„in un-
structured samples. Likewise, their density is ex-
pected to vary like 1/d in accord with Eq. (3).

We use an excite-probe technique to test these
predictions and the principle of operation of the ex-
periment is shown in Fig. 2. Charge carriers are
generated throughout the nipi sample by band-gap
light (hv =1.92 eV) at temperatures below 30 K.
When the light is turned off the carriers are trapped
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FIG. 2. Time diagram of the double-beam experiment
employed to determine the density of trapped carriers
(for details see text).

within 10 " sec in tail states. Since no sizable
thermal release of the trapped carriers occurs at the
low temperature the nonequilibrium distribution
starts to decay as dictated by the distribution of
frozen-in distances according to Eq. (4). Illuminat-
ing the sample after a dark time tD with sub-band-
gap ir light (h v ~ 0.7 eV) excites the carriers above
their respective mobility edges which results in a
photocurrent transient I (t, tD, d). Intermeshed co-
planar chromium electrodes with an effective gap of
0.4@70 mm were evaporated onto the samples
which resulted in Ohmic contacts for applied vol-
tages between 30 and 120 V, the range used here.

The initial amplitude of the current, Io(rD, d)
=I(0,tD, d) is a measure of the nonequilibrium
concentration of trapped band-tail carriers that sur-
vive the dark time tD. Values of Io for tD=1 sec
are plotted in Fig. 3 as a function of layer thickness
d. The ir transient amplitude is governed by the
nipi effect for 50 A. ~ d ~ 300 A and it is higher by
up to an order of magnitude compared to a compen-
sated9 (i.e., d = 0) or an undoped sample. We have
convinced ourselves that the observed ir pho-
toresponse is a bulk effect and not limited to the
topmost layer by exciting carriers with strongly ab-
sorbed blue light (h v =2.4 eV). We observe (a) a
reduction in the amplitude of the photoresponse in
accord with the reduced penetration depth of the
light, and (b) the same effect independent of
whether we illuminate from the front or the back.

The intensity of the exciting band-gap light
exceeds that necessary to flatten the bands as
shown in Fig. 1(b) and the photocurrent transient
has therefore two contributions: one with a time
constant long compared to tD which is due to the
separated carriers, and one due to randomly distri-
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FIG. 3. Initial amplitude of the ir-induced photo-
current transient after a dark time of 1 sec plotted vs

layer thickness d. The point for d =0 corresponds to a
compensated sample. One unit in the photocurrent cor-
responds to 10 "A for an applied voltage of 100 V.

Q

C
3—

O
0

CL

O

O0
Cl

U

O
V)

d (A)
400 200 100 70

~ —t I0(1s,d ) —I0(1s,d =0 jl'»
~ —[ I (1000s, tD=1s, d)] 'i2

50

-20

-10 E

O

-2 Z

0.5

100/d (A ')

1.5

FIG. 4. Square root of the transient photocurrent vs
1/d. Full circles correspond to the initial amplitude of the
transient and triangles to its value 1000 sec later.

buted carriers which is much smaller on account of
their short decay time [cf. Eq. (4)] and independent
of d. We approximate the latter by the photo-
current of the compensated sample, Io(1 s, 0), and

plot [Io(1 s, d) —Io(1 s, d =0)]'i which is propor-
tional to the saturation concentration of spatially
separated carriers, N'i, „,vs 1/d in Fig. 4. The data
points follow indeed a straight line through the ori-
gin and thus confirm nicely the first conclusion
from our model as expressed in Eq. (3). For the

0
d = 50-A sample a dark time of 1 sec is too long to
justify the interpretation of Io as a measure for the
number of separated carriers [cf. Eq. (4)]. Also,
the value of 4U may be reduced from 0.9 eV for

0
layers with a thickness of only 50 A. That is why
the corresponding point does not conform to the
linear relationship established by the other samples.
Comparing the slope of the straight line in Fig. 4
with the numerical factor given in Eq. (3) we can
calibrate our photocurrent amplitude in terms of N„
the concentration of trapped carriers surviving the
dark time tD. ' The values for N, so derived are
given on the right-hand side of Fig. 4. For the
compensated sample we obtain thus N, =8&10'
cm for tD ——1 sec in agreement with values found
for doped samples by light-induced ESR decay mea-
surements. 8

Detrapping of carriers by ir irradiation to levels
above the mobility edge favors their recombination
in unmodulated material due to retrapping near a
carrier of opposite sign. As a result the "normal"
ir-induced photocurrent disappears after sufficiently
long irradiation times. This recombination path is

1600

obstructed in nipi structures where the carriers
remain separated by the electric fields which build
up again as the sample returns to equilibrium. Thus
the current transients remain high even after ir irra-
diation times as long as t =1000 sec. I(1000 s,
tD = 1 s,d) is also plotted in Fig. 4. For d )300 A
I(1000 s, tD, d) is virtually unchanged compared to

Io„;~;,a fact that bears witness to the high stability
of the nonequilibrium distribution in these samples.

An independent check of the increasing carrier
lifetimes in nipi structures compared to unmodulat-
ed a-Si:H is to study the decay of the light-induced
nonequilibrium distribution of trapped carriers with

tD directly by our double-beam experiment. In Fig.
5 the amplitude of the transient Io(tD, d) is plotted
as a function of ta for various d. The curves are
normalized to their values at tD =1 sec. The decay
is obviously nonexponential, and so we define as
the half-lifetime, tali2, the time when the signal
drops to half of its initial value. This quantity is
plotted versus d in the inset of Fig. 5. It is evident
that tD ii2 increases exponentially with superlattice
period for d ~ 100 A as expected from Eq. (4).

In summary, we have demonstrated the feasibili-
ty to produce nipi superlattices by the glow-dis-
charge deposition of a-Si:H. The carrier recom-
bination kinetics in these novel semiconducting ele-
ments deviates characteristically from that in un-
structured material. The differences are well ac-
counted for by a simple model that takes the modu-
lation of the band energies into account. We expect
to see further interesting developments in this new
field of amorphous superlattices as a result of the
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FIG. 5. (a) Amplitude of the ir-induced photocurrent
as a function of the dark time after band-gap illumination

tD. Note the logarithmic time scale. The half-lifetimes
rp I/2 are marked with arrows. (b) tD Ig vs layer thickness

versatility in composition of amorphous semicon-
ductors compared to their crystalline counterparts.
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