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The photoconductivity of hydrogenatedrf sputtered amorphousSi has been
determinedas a function of the partial pressure of hydrogen in the
sputtering gas and of deposition temperatures up to 450C. The data can
be used to choose conditions for preparing material with large photo—
response and small defect state density.

AmorphousSi and Ge prepared by rf sputter— marizeci. A~ is increased from 25 to 540°Cat
ing is known’ to possessa large number of dan— zero ~H’ the conductivity decreasesby only a
gling bonds and reconstructed dangling bonds factor of five and remains unactivated up to
which give rise to states in the gap betweenthe 250°C. Thus Na remains large, implying that re—
conduction and valence bands. This defect state organization or the network at 540°Cis not suf—
density, N

5, may be reduced by (1) annealing or ficient in itself to remove a significant frac—
deposition at high temperatures,

2’ which pre— tion of the defect state density. When is
aumably heals and reorganizes the network, or increased, the conductivity decreasesby orders
(2) the addition of controlled amounts of hydro— of magnitudeand is activated over a wide tern—
gen to the argon sputtering gas, which, by con— perature range above room temperature. This is
pensating dangling bonds, shifts states from the obviously consistent with a reduction of N as a
gap deep into the valence band. T1~e latter result of the compensationof dangling boJs by
method was used in this laboratory in an exten— hydrogen.
sive investigation of a-Ce which led to success— Figure 1 shows the effect of varying T

5 on
ful doping of both a-Ge and a—Si and the fabri— the room temperature photoconductivity of fiims
cation of Schottky barriers and p—n junctions __________________________________

with good rectification characteristics.
5 I ~:MEASUREDaT~8K

At first thought, it might appear that the by .1.95 eV
maximum reduction of states in the gap would be 1.1015 1on
obtained for substrate temperaturesthat are as ( \
high as is possible without inducing crystalli— / o
zation, and for hydrogen incorporation that satu— / \ \
rates the dangling bonds. When our preliminary / \ \ •. P~’0 Tort

investigations suggested that this approach was / \ \ 00 P~.1.3~1O4Torr
oversimplified, we undertook a systematic exaini— 10 / 1~ ~ P~’5.25xI04

nation of various properties of a—Si prepared / ‘ DoPHs9~2xO4
for substrate temperatures, T

5, between 25 and / a \ \ • T5.25CAP1~EALED

450°C and hydrogen partial pressures, p11, be— \ \ ~ ~oT0’250C
tween 0 and 5 x l0’ Torr. We shall demonstrate I \ \ \
that interpretation of the results involves two 10~ / \
important considerations: (1) at fixed ~H’ the I \
atomic incorporation of H decreases for T5 : / ~
greater than about 250°C; (2) it is probable ‘a \
that the energy of the Si—H antibonding states
occurs roughly at the bottom of the a—Si conduc—
tion band, so that these states increasingly
influence all band edge and gap processes as the
atomic incorporation of H is increased.

Details of our sputtering system and mea— 11 ____________________________________
surement techniques have been published else— c c~ ~o 300 400 500 6~O
where.

1’ In this paper we shall rely for the r
5(c)

most part on the results of photoconductivity Figure 1. Room temperature photoconductivity
measurements to infer the changes of N . The
dark transport measurements have also teen pub— vs T5 for samplespreparedat
lished elsewhere

6 and will now be briefly sum— different PH•
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preparedat different p . The initial increase and t the sample thickness. In the spectral
in Aa with T

5 is consis~ent with the removal of region where all of the light is absorbed and
states in the gap and is believed to be the re— {l—exp(—at)} tends to unity, the magnitude of
sult of two effects: (1) some network reorgani— the photoconductivity depends strongly on p11.
zation, which, however, cannot be great because Since this dependence is related to the trans—
of the results described in the previous para port and recombjnation of the photogenerated

graph, and (2) an increase with T , at rela— carriers in the main bands, we have chosen to
tively low T3, of the probability that H atoms normalize UTTI to unity at 2.4 eV. The photo—
will migrate on the growing surface to sites conductivity edge, defined in this way, shifts
where they compensate incipient dangling bonds initially to higher photon energies and then
or incipient reconstructed bonds. However, we reverses with increasing p11. The initial blue
observe that the photoresponse goes through a shift of the edge is consistent with a reduction
maximum at a temperature between 200 and 250°C. of Ng which it is natural to associate with the
We believe this to be a result of the increasing removal of dangling bonds. The subsequent shift
likelihood at higher T8 that the H will be un— of the edge to smaller photon energies is attri—
able to bond into the Si network, so that less buted to an increase in the density of gap
hydrogen is incorporated into the film for a states close to the conduction band edge. We
given p11. A number of separate experiments are speculate that these are the Si—H antibonding
now in progress to test this hypothesis directly, states and we offer simple but nevertheless
but the evidence from transport and ESR studies strong evidence for their position in energy.
points to the same conclusion. Recent measure— It is known that 11 adsorbed on a crystalline Si
ments on Si prepared by silane decomposition surface yields Si—H bonding states some 5 eV
also indicate that hydrogen evolution begins at below the top of the crystalline valence band,

9
temperatures as low as 250°C.8 Also shown in and it is further known from theoretical
the figure is the photoconductivity of one room studies’° that the bonding state—antibonding
temperature deposited film annealed for 1 hour state energy difference in SIH

1’ and related
at 250°C, which indicates that, in this tempera— molecules is about 7.0 eV. If we assume that
ture range, the effect of annealing is very these numbers are good enough for a rough esti—
similar to that of deposition at high tempera- mate of the energetic position of the Si—H anti—
ture. bonding State, then we find an energy very close

Figure 2 shows the spectral dependence of to the bottom of the conduction band, which is
consistent with the observed behavior of the

1 ~ - photoconductivity edge at high p11. We are cur—T5~350C4 A.A_A~6~ rently growing thick films for optical absorp—

00 S~-S7(P~52.I0

4Torr) A” ~ tion measurements to provide an unambiguous test/ ‘°o~ of the inferences drawn from shifts in the
Si-S2I(9~’L8.lO3ToKr)A photoconductivity edge.

00 S~S2l(P,’37.l0~To’r~/1,0 Figure 3 shows the magnitudeof the room
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Figure 2. Spectral dependenceof photo— VS ~H for films preparedat
conductivity per incident photon different Ts. Si(D) denotes s
for films preparedat T

5 350°C series of films preparedwith

and different p11. deuterium instead of hydrogen at
Ts 200°C.

the photoconductivity per incident photon, tI~cV,
for films preparedat T5 350°Cand different temperature photoconductivity of hydrogenated
PH. and deuterated films preparedat different T5 as

~ ij(v)r(v)r~(v){l — exp(—cot)} a function of p . It can be seen that the

where V is the optical frequency, ii the micro— T5 — 200°Cand ~‘T5 350°C curves which span the
scopic mobility, r the reconbination time, r~the entire p~range have two maxima with the second
quantum efficiency, a the absorption coefficient slightly ~higher than the first. At present we
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do not have an accuratedetermination of hydro- test of the efficacy of the preparation condi—
gem actually incorporated into the film, but we tions in reducing N~is afforded by the shift of
estimate from the strength of the Si—H absorp— the Fermi level wit~i addition of n or p type
tion in the infrared

1’ that the first peak corre- dopant. We have, in fact, doped a—Si at
sponds to approximately 6 at. 2 and the second T

5 — 250°Cand p — 4 x 101’ Torr. The data in-
to perhapsa factor 3 or 4 higher. The initial dicate that the Lvement of the Fermi level is
growth of photoconductivity with p11 is again significantly greater than that reported in our
consistent with the removal of recombination previous paper,” for the same partial pressures
centers by compensationof dangling bonds. The of dopant gas (PH, or B2R6). We propose to re—
subsequentstructure in the figure requires a peat the doping procedureunder conditions cor—
different explanation. responding both to the minimum and the second

With the addition of very large amounts of maximum of photoconductivity in Figure 3.
hydrogen, there will be a gradual transition in Of course, from a more pragmatic point of
the structural short range order from essen— view — although not unmindful of the likely cor—
tially pure amorphous silicon at one extreme to relation between photocarrier recoinbination time
a Si—H alloy at the other. The argument that and Ng — the best combination of conditions for
the Si—H antibonding state energy lies near the some applications night be taken to correspond

bottom of the a—Si conduction band therefore has to those giving the two peaks in the photocon—
increasing significance at high hydrogen incor— ductivity of Figure 3, whatever the detailed
porations, since the thermopower measurements (and as yet poorly established) reasons for them.
indicate that the predominant carriers are elec— This is the case, for example, in investigating
trons. Thus, if these states are the initial the practicality of hydrogenated sputtered a—Si
states for reconbination, there will be an in— as a potential solar cell material. The dark
creasedprobability of radiationless recoinbina— conductivity of hydro~enatedSi is very low
tion with a high energy phonon going into the (o(300 K)—l0

9 to 10— ° ~i’ cm’), and therefore
Si—H vibration. This may be the explanation for the internal resistance of a photocell would be
the decrease in photoresponse between p = 4x l0~’ very high. However, if the material is very
and p •9xl0” Torr. This idea gains Jditional photoconductive, the internal resistance under
suppoPt from the fact that the p~—9.2xl01’Torr illumination by sunlight is likely to decrease
deuterated film has a much higher photoconduc— to acceptable values. This point of view sug—
tivity than the corresponding hydrogenated sped— gests a program of research that concentrates
men; since the phonon energy l~w of the Si—D attention on the preparation conditions corre—
localized vibrations is smaller than that of the sponding to the maxima in photoconductivity in
Si—H ones, they provide a less efficient route Figure 3 in seeking possible devices, while at
for multi—phonon recombination. the same time endeavors to sort out the funda—

This hypothesis cannot, however, account mental arguments involving reduction of Ng, al—
for the second peak at higher p . There is some teration of state density in the conduction band,
evidence from the dc transport ~nd also the mobilities and recombination times which give
photoconductivity response time that significant the double maxima in the first place.
changes in both transport and trapping mecha— In conclusion, we have shown that optimiza—
nisms occur in films deposited at very high ~ . tion of choice of T

5 and PH, rather than extreme
Our understanding of these changesis not ade~ values of either or both parameters, gives the
quate at this time to attribute the second maxi— maximum reduction of density of states in the
mum in the photoconductivity to any one of these pseudogap and the best photoresponse. However,
or other possible effects, the detailed behavior of the photoresponse as a

From these data we conclude that the condi— function of H incorporation raises new questions
tions for preparing rf sputtered a—Si with the about the role of Si—H antibonding states in
lowest

11g represent an optimization of both de— transport and recombination. It is also clear
position temperature and hydrogen partial pres— that we need to consider with care the changing
sure. Certainly for our apparatus and overall atomic arrangement and the electronic structure
deposition parameters, raising T

5 indefinitely of the material as it evolves from H—compensated
at zero p11 and raising p11 indefinitely at Si into a Si—H alloy. Until this is done in a
T5 25°Cdoes not produce the lowest Ng. It is systematic way, the conclusions drawn from en—
likely that, regarded solely from the point of periments such as those described here should be
view of minimizing Ng~a useful bounded area in viewed as preliminaries to the new investiga—
the T5— p11 plane may be defined. Thus T°~250°C tions they suggest.
and p11 = 4 x l0~’ Torr, which correspon~ to the
first photoconductivity maximum in Figure 3, may
be an example of a suitable choice. It follows Acknowledgements — We should like to thank Miss
that a larger PH, but still at T5 250°C, would Eva Freeman, Mr. J.R. Pawlik and Dr. Michael A.
not be expected to increase, and might even de— Paesler for many helpful coents on the manu—
crease, the overall state density in the gap, script and Mr. Robert Centamore and Mr. David
even although these conditions do lead to a de— MacLeod for assistance in the preparation of
terioration in photoconductive response. One the films.
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