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A method is describedfor preparingdoped specimensof amorphousgerma-
nium and amorphoussilicon by rf sputtering. We presentconductivity
and thermoelectricpower measurementswhich demonstratethat doping has
beenachieved,and sketch some photoconductiveproperties of the mate-
rial. To demonstratedevice potential, we have fabricated Schottky
barriers and p—n junctions and present i—V characteristics and a photo—
voltage spectrum.

For controlled doping of amorphousgerma— a-Ge and a—Si produced is controUably n— or p—
niuin (a—Ce) and amorphoussilicon (a—Si) to be type and p—n junctions showvery godd r~ctifica—
possible, it is essential that the density of tion characteristics. It is proposedthat this
pseudogapstates causedby defects be minimized, method constitutes a viable alternative to the
Deposition or annealing at high temperatureusu— glow dischargetechnique. Four kinds of rf
ally decreasesthe conductivity attributable to sputtereda-Ge and a—Si sampleswill be din—
hopping at the Fermi level and this is almost cussed. One, labelled “0 at .% H”, was prepared
certainly related to a decreasein the defect in 5 x i0~ Torr of argon. Another was prepared
state density.”2 Similarly, incorporation of in a mixture consisting of 5 x lO~Torr of ar—
controlled amounts of hydrogenduring deposition gon and (5—7) x 10~’Torr of hydrogen. (All
by sputtering reducesthe low temperaturecon— gaugereadingswere corrected by gas sensitivity
ductivity and the spin density, but by orders of factors.) For both a-Ge and a-Si this gives
magnitude, implying that this is an even more samplescontaining about6 at .Z H.~ Finally,
effective way of reducing the defect state den— dopedsampleswere preparedin 5 x l0~ Torr of
sity.2’3 A third, and very effective, method is a mixture of either B

2116 (1860 p~n)in argon or
to producea-Ge and a—Si by the glow discharge PH3 (2180 pjxn) in argon togetherwith the (5—7)
decompositionof germaneand silane,

1”5 which x lO~Torr of hydrogen. a—Ge and a—Si were de—
yields material with remarkably low valuesof posited at rates of 3 A/sec and 1.5 A/sec

1 re—
the conductivity, pseudogapstate density (as spectively, onto substratesheld at either room
inferred from field effect measurements)and temperatureor 250°C. Details of our sputtering
spin density. system and measurementtechniquehavebeenpub—

Efforts to dope chemically the pure Ge and
Si prepared by evaporationor sputtering have I 1 I
not been successfulbecausethe starting mate— —2
rial has too many defect states. In contrast,
glow-dischargework at Dundee

6 and subsequently
elsewhere7’ has shown that partial pressuresof —4
PR

9 or B2116 added to the GeH,, or SiR,, can be
used to dope Ge and Si with P or B. For example, ~

conductivity may be changedby ten orders ofthe Dundee group finds that the room temperature — 6at.%H+P
magnitudeand that p—n junctions with quite good
rectification characteristics may be produced. .2 —~ /oH+B Got.%H -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 valenceband 103 5 7 9
edges. 1

In this letter, we shall report the doping _~_(K_1)
of rf sputtered a-Ge and a—Si by the simulta-
neous removal of pseudogap defect states by hy— Fig. 1. Conductivity versus reciprocal tempera—
drogen incorporation and the introduction of ture for a series of sputtered a—Ge films pre—
donor or acceptor statesdue to P or B. The paredat room temperature.

tWork supported by the National Science Founda-
tion (Contract Nos. DMR75—l8477 and D1~.76—0llll)
and the Joint Services Electronics Program (Con-
tract No. N00014—75—C—0648).
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lished elsewhere.
2’3 Here we confine ourselves power near room temperature. Now notice the

to presenting only the primary evidence that effect of adding the doping gas to the argon—
doping has been achieved, and do not attempt to hydrogen mixture. The addition of the phosphine
describe in any detail the influence of varying produces material with two orders of magnitude
the substrate temperature, hydrogen or dopant more conductivity. From the thermopower, this
gas pressures, etc., on the material properties. sample is n—type and displays a well—defined but

Figure 1 shows the conductivity of the a-Ge small activation energy for thermal carrier gen—
samples prepared at room temperature. In the o eration from 200—300 K. On the other hand, the

addition of diborane results in a smaller in—
at .Z H film the defect density due to struc-
tural imperfections is large enough that conduc— crease in the conductivity, but the thermopower
tion occurs near the Fermi energy for all tern— is now p—type. Again, there is a well-defined
peratures, as argued from the small, temperature activation energy for thermal carrier generation

from 200—300 K. These results demonstrate con—
+1.5 clusively that doping has been achieved.

Entirely similar effects are observed in
H+B a—Si. The conductivity of a 6 at .% H film is

lower by seven orders of maguitude than that of
+1.0 - -

an unhydrogenated film. The room temperature
values of the conductivity together with the
activation energies for conduction (Ec) and

+0.5 - thermopower (E

5) are given in Table I.
An estimate for the movement of the Fermi

level by doping is given by
>,g o _________________________________________ — E — E — E (n—type) — E (p—type)_________________________________________ f opt FC s a
((9

oH Oot,%H where Eopt is the band gap determinedby opticalabsorption and EFC allows for the possibility ofa Franck—Condom effect. The question of Franck—Condom effects is pertinent becausewe find a
-0.5 - ~ot.% H+ P -

non—zero value for E0 — E5. In the 6 at’ .% H
a—Ce sample, we estimate that E0~t 1.2 eV, giv-

ing ~Ef 0.9 eV_EFC. From both the optical and-1.0 -

3 5 7 9 photoconductivity edges in the 6 at .Z H a—Si
film, we estimate that Eopt — 1.6 eV, giving in

this caseAEf 1.2 eV—5 . The extent of these
~(K_1) Fermi level shifts, regar~edas indices of sen-

sitivity to doping, compare favorably to those

Fig. 2. Thermaelectric power versus reciprocal of the Dundeegroup, who assume 0. More—
temperature for the same a—Ge films and condi— over, it seemslikely that even more Fermi level
tions as in Fig. 1. movement can be achieved by optimizing the sub-

strate temperature and the partial pressures of
independent thermoelectric power (Fig. 2), and the hydrogen and the doping gas. If so, then
the non—activated conductivity.’

0 The film with the rf sputtering method night permit the pro—
6 at .% H has orders of magnitudesmaller con— duction of material with a wider range of prop—
ductivity becauseatomic hydrogen attaches to erties than the glow dischargemethod.
the defects and acts as a compensatorfor defect— Changesin the photoconductive response
derived states.2 This defect compensationis with a— and p-doping have also been measured.
efficient enough that carriers in the conduction For example, the room temperature steady state
band dominate the room temperature dc transport, photoconductivity at 2 eV of hydrogenateda—Si,
leading to a large, negative thermoelectric prepared at 250°C, is reduced by the B-doping by

Table I. The dc transport properties of doped amorphousgermaniumand amorphous silicon

films preparedat room temperature

a—Ge a—Si

cy(300 K) E
0 E5 E0—E5 ~(3O0 K) E0 E5 E~—E5Sample

(ç~~’ cm”) (eV) (eV) (eV) ~ cm”) (eV) (eV) (eV)

O at .Z H 2 x lO_2 (a) (a) ———— 3 x i0”~ (a) (a)

6 at .1 H 2 x i0’~ 0.44 (b) ———— 2 x lO~~ 0.36 (c)

6 at .Z H+P 4 x l0’~ 0.24 0.05 0.19 4 x 1O.~6 0.42 0.20 0.22

6 at .% R+B 3 x lO’” 0.32 0.14 0.18 7 x 1O~ 0.43 0.24 0.19

son—activated conduction occurs near the Fermi energy.
bThe temperature range of the data is too limited to determine an activation energy.

CThe 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 However, in investigating this electrode prob—
a factor of 10 while the photoconductivity edges len, it was found that some metals formed
shift to smaller photon energies in both cases. Schottky barriers with the doped material that
Thus, in the hydrogenated a—Si, the photoconduc— were interesting in themselves. An example is
tivity shows an onset at approximately 1.5 eV shown in Fig. 3. The i—V characteristic of an
with no measureablephotoconductivity at lower n—doped a—Si film, deposited at 250°Cas de—
energies. The introduction of P and B shifts scribed earlier, when sandwichedbetweena bot—
the onset to lower energy by about 0.5 eV. This torn Mo electrode and a top nichrome electrode,
result provides an indirect indication that the is shown. Excellent rectification results, with
undopedhydrogenatedmaterial has a small state more current flowing when the Mo electrode is
density in the gap since excitations from gap positive with respect to the nichrome electrode,
states are not detectable, here held at ground potential. Thus the domi—

The photoconductive responseof a—Si is nant barrier occurs at the Mo/(n)a—Si interface.
also observed to depend sensitively on the con— In agreementwith this result, the i—V charac—
ditions of preparation, such as hydrogen pres— teristic of a companionnichrome/(n)a—Si/ni—
sure and substrate temperature. For example, chromestructure, while not ohmic to voltages of
raising the substrate temperature from room tern— order 0.5 V, demonstrates that the nichrome/(n)
perature to 250°Cincreases the photoconductiv— a—Si contact has low resistance and would not
ity and lengthens the response time from micro— limit the forward current in the Mo/(n)a—Si/ni—
seconds to milliseconds. Careful optimization chromestructure.
of preparation parameters will therefore be re— Similar experimentswith other conducting
quired to produce the best photoconductive, and materials suggest that nichrome and Al may be
by inference, photovoltaic material, used to contact adequately the n—type material,

Schottky barrier and p—n junction devices and Mo, nichrone and indium tin oxide to contact
have been fabricated. The devices are produced adequately the p—type material, in studies of
in a sandwich configuration by sputtering amor— pn junctions. (It should be emphasized that
phous materials onto predepositedelectrodes and not all of these materials can be used as bottom
later evaporating top electrodes. The devices electrodes for high temperaturedepositions,)
normally have areas of about 0.005 cm

2. To date We note that the work function of the metal ap—
the transition from p to n material in the p—n pears to play a role in the determination of the
junctions has beenmade by the replacement of barrier height, in contrast to the observations
B

2H6 by PH3, during a period when no rf power is on barriers on crystalline Si,’
2 and we plan to

applied to the target, and abrupt junctions are investigate Schottky barrier formation at high
expected to result, work function/(n)a-Si and low work function/(p)

Determining the precise characteristics of a—Si interfaces. In this connection, we observe
these junctions alone is complicated by the that the work function of nichrome is close to
problem of making low resistance, non—rectifying that of intrinsic Si, which nay explain its use—
contacts to the p and n material. This problem fulness in contacting both n— and p—type mate—
is exacerbatedwhen making material at high ten— rial.
peratures, since many possible bottom electrode The i—V characteristic of a ypical p—n

materials cannot be used because they promote junction structure is shown in Fig. 3. The
the early crystallization of the amorphousfilm amorphousp and a materials, sandwiched between
or react to form germanicidesor silicides.’’

>.
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Fig. 4. Spectral dependenceof the photovoltage
of an a—Si p—n junction (solid line). The dash—

Fig. 3. Current—voltage characteristics, ed line is the spectral dependence of photocon—
measured at 303 K, of an a—Si p—n junction (solid ductivity of the phosphorous doped sample. Abo~e
line) and a Mo/(n) a—Si Schottky barrier (broken 1.8 eV photoconductivity data are the same for
line), the hydrogenated, p and n samples.
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an indium tin oxide bottom electrode and an alu— on p—n junctions’s and to those of Carison and
minum top electrode, were sputtered at 250°C. Wronski on amorphous Si p—i—n junctions made by
Thermopower measurements on codeposited speci— glow discharge.’
mens of the p and a materials gave E

5 - 0.2 eV In summary, we have demonstrated that,
in both cases. Again, rectification is observed, through the simultaneous incorporation of H to
with more current flowing when the indium tin remove the pseudogap States produced by defects,
oxide electrode is positive with respect to the and of B or P to introduce relatively shallow
Al electrode, as expected. Although the device acceptor or donor states, we have been able to
configuration is not by any means optimum for dope amorphous germanium and silicon either n—
large photovoltaic response, it is of interest or p—type and vary the resistivity by orders of
to measure the spectral dependence of its photo— magnitude. This material shows interesting
voltage normalized to incident light intensity. photoconductive, photovoltaic, Schottky barrier
This is shown in Fig. 4 for light transmitted and p—n junction characteristics, suggesting the
through the indium tin oxide electrode. Measur— advisability of further evaluation for semicon—
able response begins at about 1.1 eV, but a ductor devices such as solar cells, where cost
rapid increase in response does not occur until as well as performance is important.
about 1.7 eV. The position of the latter Acknowledgments — We would like to thank J. R.
matches both the optical absorption edge and, as Pawlik for many valuable discussions and Bob
also shown in Fig. 4, the rapid rise in photo— Centamore for his great efforts in preparing the
conductivity of the a—Si. The weak maximum at materials. We also thank J. C. C. Fan for pre—
1.6 eV is most likely an effect of constructive paring the indium tin oxide, Dave MacLeod and
interference within the amorphous layers. These Louis DeFeo for their technical help, and David
data are very similar to those of Spear et al. Anderson for a critical reading of the manu-

script.
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