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A method is described for preparing doped specimens of amorphous germa-

nium and amorphous silicon by rf sputtering.

We present conductivity

and thermoelectric power measurements which demonstrate that doping has
been achieved, and sketch some photoconductive properties of the mate-

rial.

To demonstrate device potential, we have fabricated Schottky

barriers and p-n junctions and present i-V characteristics and a photo-

voltage spectrum.

For controlled doping of amorphous germa-
nium (a-Ge) and amorphous silicon (a-Si) to be
possible, it is essential that the density of
pseudogap states caused by defects be minimized.
Deposition or annealing at high temperature usu-
ally decreases the conductivity attributable to
hopping at the Fermi level and this is almost
certainly related to a decrease in the defect
state density.!»? Similarly, incorperation of
controlled amounts of hydrogen during deposition
by sputtering reduces the low temperature con-
ductivity and the spin density, but by orders of
magnitude, implying that this is an even more
effective way of reducing the defect state den-—
sity.z” A third, and very effective, method is
to produce a-Ge and a~-Si by the glow discharge
decomposition of germane and silane,"*® which
yields material with remarkably low values of
the conductivity, pseudogap state density (as
inferred from field effect measurements) and’
spin density.

Efforts to dope chemically the pure Ge and
Si prepared by evaporation or sputtering have
not been successful because the starting mate-
rial has too many defect states. In contrast,
glow-discharge work at Dundee® and subsequently
elsewhere’’® has shown that partial pressures of
PH, or B,H, added to the GeH, or SiH, can be
used to dope Ge and Si with P or B, For example,
the Dundee group finds that the room temperature
conductivity may be changed by ten orders of
magnitude and that p-n junctions with quite good
rectification characteristics may be produced.
They argue that the Fermi level in a-Si is var-
ied through 1.2 eV and that relatively narrow
bands of donor or acceptor states are introduced
into the gap near the conduction or valence band
edges.

In this letter, we shall report the doping
of rf sputtered a-Ge and a-Si by the simulta-
neous removal of pseudogap defect states by hy-
drogen incorporation and the introduction of
donor or acceptor states due to P or B. The
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a-Ge and a-Si produced is controllably n- or p-
type and p-n junctions show very godd reéctifica-
tion characteristics. It is proposed that this
method constitutes a viable alternative to the
glow discharge technique. Four kinds of rf
sputtered a-Ge and a~Si samples will be dis-
cussed. One, labelled "0 at .% H", was prepared
in 5 x 10”% Torr of argon. Aunother was prepared
in a mixture consisting of 5 x 10™% Torr of ar-
gon and (5-7) x 10™* Torr of hydrogen. (All
gauge readings were corrected by gas sensitivity
factors.) For both a-Ge and a~Si this gives
samples containing about 6 at .% H.® FPinally,
doped samples were prepared in 5 x 10™% Torr of
a mixture of either B,H, (1860 ppm) in argon or
PH, (2180 ppm) in argon together with the (5-7)
x 107" Torr of hydrogen. a-Ge and a-Si were de-
posited at rates of 3 X/sec and 1.5 X/sec, re-
spectively, onto substrates held at either room
temperature or 250°C. Details of our sputtering
system and measurement technique have been pub-
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Fig. 1. Conductivity versus reciprocal tempera-

ture for a series of sputtered a-Ge films pre-
pared at room temperature.
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lished elsewhere.?>® Here we confine ourselves
to presenting only the primary evidence that
doping has been achieved, and do not attempt to
describe in any detail the influence of varying
the substrate temperature, hydrogen or dopant
gas pressures, etc., on the material properties.
Figure 1 shows the conductivity of the a-Ge
samples prepared at room temperature. In the 0
at .% H film the defect density due to struc-
tural imperfections is large enough that conduc-
tion occurs near the Fermi energy for all tem-
peratures, as argued from the small, temperature
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Fig. 2. Thermaelectric power versus reciprocal

temperature for the same a-Ge films and condi-
tions as in Fig. 1.

independent thermoelectric power (Fig. 2), and
the non-activated conductivity.}® The film with
6 at .7 H has orders of magnitude smaller con-
ductivity because atomic hydrogen attaches to

the defects and acts as a compensator for defect-
derived states.? This defect compensation is
efficient enough that carriers in the conduction
band dominate the room temperature dc transport,
leading to a large, negative thermoelectric
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power near room temperature. Now notice the
effect of adding the doping gas to the argon-
hydrogen mixture. The addition of the phosphine
produces material with two orders of magnitude
more conductivity. From the thermopower, this
sample is n-type and displays a well-defined but
small activation energy for thermal carrier gen-
eration from 200-300 K. On the other hand, the
addition of diborane results in a smaller in-
crease in the conductivity, but the thermopower
is now p-type. Again, there is a well-defined
activation energy for thermal carrier generation
from 200-300 K. These results demonstrate con-
clusively that doping has been achieved.
Entirely similar effects are observed in
a-S1i. The conductivity of a 6 at .Z H film is

lower by seven orders of magnitude than that of
an unhydrogenated film. The room temperature
values of the conductivity together with the
activation energies for conduction (EU) and
thermopower (Eg) are given in Table I.

An estimate for the movement of the Fermi

level by doping is given by

BEe = Eone ~ Fre
where E,,. is the band gap determined by optical
absorption and Egq allows for the possibility of
a Franck-Condon effect. The question of Franck-
Condon effects is pertinent because we find a
non-zero value for Ej -~ Eg. In the 6 at’.Z H
a-Ge sample, we estimate that E, e” 1.1 ev, giv-
ing AE¢ ~ 0.9 eV-Ep.. From both the optical and
photoconductivity e&ges in the 6 at .7 H a-Si
film, we estimate that E,,, ~ 1.6 eV, giving in
this case AE; ~ 1.2 eV~ . The extent of these
Fermi level shifts, regarded as indices of sen-
sitivity to doping, compare favorably to those
of the Dundee group, who assume = 0. More-
over, it seems likely that even more Fermi level
movement can be achieved by optimizing the sub-
strate temperature and the partial pressures of
the hydrogen and the doping gas. If so, then
the rf sputtering method might permit the pro-
duction of material with a wider range of prop-
erties than the glow discharge method.

Changes in the photoconductive response
with n- and p~doping have also been measured.
For example, the room temperature steady state
photoconductivity at 2 eV of hydrogenated a-Si,
prepared at 250°C, is reduced by the B-doping by

- Es(n-cype) - ES(P‘CYPe)

Table I. The dc transport properties of doped amorphous germanium and amorphous silicon
films prepared at room temperature
a-Ge a-Si
Sample o(300 K) EU ES EG-ES g (300 K) EG ES EO—ES
Q! em™?) (eV) (eV) (ev) Q! em™Y) (eV) (eV) (eV)
0 at .2 H 2 x 1072 (a) CY R — 3 x 1078 (a) (a) —
6 at .2 H 2 x 1078 0.44 (b)) —--- 2 x 107! 0,36 (c) ——
6 at .% H+P 4 x 10™3 0.24 0.05 0.19 4 x 107° 0.42 0.20 0.22
6 at .% H+B 3x 107t 0.32 0.14 0.18 7 x 1077 0.43 0.24 0.19

3Non-activated conduction occurs near the Fermi energy.

b

The temperature range of the data 1s too limited to determine an activation energy.

c
The resistance of the sample is too large to obtain thermopower measurements.
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a factor of 10° and increased by the P-doping by
a factor of 10 while the photoconductivity edges
shift to smaller photon energies in both cases.
Thus, in the hydrogenated a-Si, the photoconduc-
tivity shows an onset at approximately 1.5 eV
with no measureable photoconductivity at lower
energies. The introduction of P and B shifts
the onset to lower energy by about 0.5 eV. This
result provides an indirect indication that the
undoped hydrogenated material has a small state
density in the gap since excitations from gap
states are not detectable.

The photoconductive response of a-Si is
also observed to depend sensitively on the con-
ditions of preparation, 'such as hydrogen pres-
sure and substrate temperature. For example,
raising the substrate temperature from room tem—
perature to 250°C increases the photoconductiv-
ity and lengthens the response time from micro-
seconds to milliseconds. Careful optimization
of preparation parameters will therefore be re-
quired to produce the best photoconductive, and
by inference, photovoltaic material.

Schottky barrier and p-n junction devices
have been fabricated. The devices are produced
in a sandwich configuration by sputtering amor-
phous materials onto predeposited electrodes and
later evaporating top electrodes. The devices
normally have areas of about 0.005 em?. To date
the transition from p to n material in the p-n
junctions has been made by the replacement of
B,Hg; by PH,, during a period when no rf power is
applied to the target, and abrupt junctions are
expected to result.

Determining the precise characteristics of
these junctions alone is complicated by the
problem of making low resistance, non-rectifying
contacts to the p and n material. This problem
is exacerbated when making material at high tem-
peratures, since many possible hottow electrode
materials cannot be used because they promote
the early crystallization of the amorphous film
or react to form germanicides or silicides.!!

10+
Nichrome
(n) 0-Si
BT I A A1
Schottky borner §
- ]
E ol
N =6
{m 0-5 E
(p) 0= w
Indium tin E 44
cride = ;
O
p-n junction i
24
-0.6 -0.4 -0.2 .
02 04 06
VOLTAGE (V)
_2 L

Fig. 3. Current-voltage characteristics,
measured at 303 K, of an a-Si p-n junction (solid
line) and a Mo/(n) a-Si Schottky barrier (broken
line).
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However, in investigating this electrode prob-
lem, it was found that some metals formed
Schottky barriers with the doped material that
were interesting in themselves. An example is
shown in Fig. 3. The 1i-V characteristic of an
n-doped a-Si film, deposited at 250°C as de-
scribed earlier, when sandwiched between a bot-
tom Mo electrode and a top nichrome electrode,
is shown. Excellent rectification results, with
more current flowing when the Mo electrode is
positive with respect to the nichrome electrode,
here held at ground potential. Thus the domi-
nant barrier occurs at the Mo/(n)a-Si interface.
In agreement with this result, the i-V charac-
teristic of a companion nichrome/(n)a-Si/ni-
chrome structure, while not ohmic to voltages of
order 0.5 V, demonstrates that the nichrome/(n)
a-S8i contact has low resistance and would not
limit the forward current in the Mo/(n)a-Si/ni-
chrome structure.

Simllar experiments with other conducting
materials suggest that nichrome and Al may be
used to contact adequately the n-type material,
and Mo, nichrome and indjum tin oxide to contact
adequately the p-type material, in studies of
p-n junctions. (It should be emphasized that
not all of these materials can be used as bottom
electrodes for high temperature depositions.)

We note that the work function of the metal ap~-
pears to play a role in the determination of the
barrier height, in contrast to the observations
on barriers on crystalline S1,'? and we plan to
investigate Schottky barrier formation at high
work function/(n)a-Si and low work function/(p)
a-Si interfaces. In this connection, we observe
that the work function of nichrome is close to
that of intrinsic Si, which may explain its use-
fulness in contacting both n- and p-type mate-
rial.

The i~V characteristic of a <ypical p-n
junction structure is shown in Fig. 3. The
amorphous p and n materials, sandwiched between
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Fig. 4. Spectral dependence of the photovoltage

of an a=-Si p-n junction (solid line). The dash~-
ed line is the spectral dependence of photocon-
ductivity of the phosphorous doped sample. Above
1.8 eV photoconductivity data are the same for
the hydrogenated, p and n samples.
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an indium tin oxide bottom electrode and an alu-
minum top electrode, were sputtered at 250°C.
Thermopower measurements on codeposited speci-
mens of the p and n materials gave Eg ~ 0.2 eV
in both cases. Again, rectification is observed,
with more current flowing when the indium tin
oxide electrode is positive with respect to the
Al electrode, as expected. Although the device
configuration is not by any means optimum for
large photovoltaic response, it is of interest
to measure the spectral dependence of its photo-
voltage normalized to incident light intensity.
This is shown in Fig. 4 for light transmitted
through the indium tin oxide electrode. Measur-
able response begins at about 1.1 eV, but a
rapid increase in response does not occur until
about 1.7 eV. The position of the latter
matches both the optical absorption edge and, as
also shown in Fig. 4, the rapid rise in photo-
conductivity of the a-Si. The weak maximum at
1.6 eV is most likely an effect of constructive
interference within the amorphous layers. These
data are very similar to those of Spear et al.

20, No. 10

on p-n junctions'?® and to those of Carlson and

Wronski on amorghous S1i p-i-n junctions made by
glow discharge.

In summary, we have demonstrated that,
through the simultaneous incorporation of H to
remove the pseudogap states produced by defects,
and of B or P to introduce relatively shallow
acceptor or donor states, we have been able to
dope amorphous germdanium and silicon either n-~
or p-type and vary the resistivity by orders of
magnitude. This material shows interesting
photoconductive, photovoltaic, Schottky barrier
and p-n junction characteristics, suggesting the
advisability of further evaluation for semicon-
ductor devices such as solar cells, where cost
as well as performance is important.
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