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We report the deposition and comprehensive evaluation of a hydrogenated, flucrinated
amorphous siticon-germanium alloy with an optical gap of 1.28 V. This low-gap alloy of the
a-8i, Ge system possesses a small midgap defect density (6.5 X 10 cm™ 3), and vseful electron
(o, /o, =23) and hole (L, = 0.13 um) transport properties. The alloy was grown by radio-
freguency plasma-enhanced decomposition of SiF,, GeF,, and H, in a reactor built to

ultrahigh-vacuum specifications.

Alloys of hydrogenated amorphous silicon-germanivm
(a-Si, ,Ge,:H} have an optical energy gap (%, ) that var-
ies from 1.75 ¢V for unalloyed @-Si:H to 1.0 eV for 4-Ge:H.
Because of their potential low cost, wide choice of compati-
ble substraie materials, and adjustable optical gap, these ai-
foys are candidates for many device applications, such as
long-wavelength absorbers in multijunction solar cells, and
as photoreceptors for electrophotography using light-emit-
ting diode sources.

Several groups have reported that low Ge content alloys
with high optical gaps, £, > 1.4 eV, can be used as charge
collecting layers in solar celis with encouraging conversion
efficiencies.'™ Higher Ge content, lower gap alloys with
E, . < 1.4eV havebeen reported with poor transport proper-
ties, such as photo-to-dark conductivity ratios near I, and
with diffusion lengths and drift mobilities that are much
smaller than in unalloyed ¢-8i:H.*® The variations in trans-
port properties of alloys having identical Ge contents are
commonly ascribed te variations in deposition technique. In
this letter we describe the preparation of a finorinated -
Si,Ge:HLF alloy with £, = 1.28 eV and useful electronic
properties.

The 1.28 eV gap ¢-Si,Ge:H,F alloy film was prepared
from fluorinated source gases and hydrogen in a stainless-
steel, ultrahigh-vacuum deposition station as described else-
where.® The vacuum chamber degassing rate is 31077
Torris~!, and a substrate load lock permits it to be kept
evacuated continuously. Two stainfess-steel electrodes are
configured as a parallel plate diode. To avoid dust problems,
a substrate is held upside down on the vpper electrode,
which is heated to typically 270 °C for deposiiion. Source
gases are decomposed in 3 plasma excited by radio frequency
at 13.56 MHz and with a substrate power density of 250
mW cm™ % For the alloy reported here, the source gases
{and their flow rates in standard cubic centimeters per min-
ute) were SiF,{28 scem), GeF, (0.55 scem), and H, (4.5
sccm ). Deposition pressure was 0.106 Torr, which needed to
be precisely controlled to prevent film peeling. The film
growth rate was G.06 ams™ .
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After loading the substrate, the station was pumped
down for 15 h prior to deposition, while the temperature of
the chamber external wall was maintained at 90 °C. The H,O
pariial pressure was less than 1072 Torr (1.3 1077 Pa),
measured with the use of a residual gas analyzer. A low back-
ground pressure of H, O appears essential for a good-quality
alfoy.

The alloy substrateisa 1 in. X 3 in. X | mm slide of Corn-
ing 7059 glass. A 1 X 1.5 in.? portion of the glass is precoated
with 100 nm of evaperated Cr, which forms the back electri-
cal contact for a Schottky barrier device fabricated by eva-
porating 10 nm of Pd through a mask over the deposited
alloy. The Schottky device is used for time-of-flight and dif-
fusion length measurements to be described iater. The alloy
on the bare glass subsirate portion is used for optical and
electrical conductivity measurements. Co-planar Cr chmic
contacts are evaporated on the alloy surface for conductivity
measprements.

Our high Ge content alloys have tended to be microcrys-
talline with kigh dark conductivity, whereas the dark con-
ductivity of cur amorphous films is lower by several orders
of magnitude.’® The 1.28 eV alloy was verified to be amor-
phous by the absence of x-ray diffraction peaks at the crystal-
line Si and Ge diffraction angles,'! and by smooth bands in
the Raman spectrum, indicating Ge-Ge, Ge-S$i, and Si-Si
bonds at wave numbers of 278, 390, and 480 cm ™ ', respec-
tively. To deposit Ge-rich alloys with an amorphous struc-
ture, we reduce the H, process gas flow rate to 4.5 scom,
down from 10 scem used for low Ge content alloys.

Qur optical and electrical measurement procedures are
described elsewhere.” The film thickness determined from
infrared interference is d = 1.2 gm. The optical absorption
coefficient a is determined from transmission and refiection
for photon energies zv above £ ,. For siv below £, a is
determined by the constant photocurrent method.'? The
1.28 eV value for £, is determined from the Tauc extrapo-
fation of Jahv vs Av and leads to an estimated Ge atomic
fraction x = 0.6. Figure I shows Tauc plots of the 1.28 eV
alloy and unalloyed ¢-SiFLF at temnperatures of 7 and 92 °C.
For the alioy the optical gap drops with increasing 7 at a rate
of — 0.47 meV/K.

For hv near K, @ = o, exp(E /E;) has a characteris-
tic Urbach energy E, determined by the valence band tail
width.!? For the alloy we find E, = 59 meV. The integrated
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FIG. 1. Square root of optical absorption-photon energy product in the
Tauc form vs photon energy £ at temperatures of 7 and 92°C for the
a-8iy , Geg o :HLF alloy and unalloyed 2-8i:H .F (x = 0). Extrapolation to the
E axis yields the optical gap.

area under the low-energy shoulder of x vs v is proportional
tc the density of defect states (DOS) at midgap energies. ™
With the use of a conversion factor for ¢-Si:H(1.9x 10
cm % eV~ 1), the alloy DOS is 6.5 X 10" em™>.

Dark conductivity ¢, is measured in a vacuum oven,
where the sampie is first heated to 90 °C. This procedure
drives off surface water and yields reproducible values of o,
At295K, 0, = 1.9X 1077 Scm ™! and increases with tem-
perature with an activation energy .., = 0.5%eV. Atroom
temperature, £_, is about one-half E_, , suggesting that the
Fermi fevel £ lies close to midgap. With the use of a vacu-
um cryosiat, o, was measured from room temperature down
to 125 K.'® Below 250 K, E_,, reduces to approxi-
mately O0.15 eV, and o, foilows an expression,
exp| — const X T'~%/*], indicating conduction by variable
range hopping.’’

Photoconductivity o, is measured by using monochro-
matic light with a wavelength of 750 nm and with the intensi-
ty adjusted to give a photon-absorption rate of 2 10%
em P sTLAL295K, o, =4.3X107°Sem ™, resulting in
a photo-to-dark conductivity ratio of 23. At 295 K, o,
increases with temperature with an activation energy
E,, =0.17eV. Below 250 K, £, drops to 0.09 eV.

The drift mobility of electrons and mobility-lifetime
preducts for electrons and holes are measured by using the
time-of-flight (TOF) technique.'®?° At 295 K, the electron
drift mobility is 2, = 1.9X 187 % cm? V ! s 7! for the alloy.
With the TOF technique, the mobility-lifetime products for
electrons and holes (17),, are determined from charge col-
lection versus applied field." The (u7),, values are plotted
versus temperature in Fig. 2. At room temperature, {ge7),
for electrons is about an order of magnitude higher than
(¢67}, for holes. Dividing (ue7), by the independentiy deter-
mined value for i, gives the deep trapping lifetime 7. We
obtain r;, = 6.8 %X 107" 5 at 295 K. The drop in the activa-
tion energy of (u7), below 250 K is consistent with the drop
in the activation energies of dark and photoconductivities af
this temperature, and indicates a change to hopping conduc-
tion. For holes the activation energy of (u7), is constant
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FIG. 2. Mobility-lifetime products for electrons and holes plotted vs inverse
temperature for the 1.28 eV alloy.

over the temperature range of 155 to 300 XK.

A second method to determine a mobility-lifetime prod-
uct uses the bias dependence of the collection efficiency un-
der steady-state uniformly absorbed light in a Schottky bar-
rier structure.”! Our measurements for this quantity at room
temperature yield (7)o = 4.5X 107 Wem® V7!, whichis
approximately equal to the TOF-derived (u7), for elec-
trons.

A third method to determine a g7 value uses photocon-
ductivity that is dominated by the transport of majority elec-
trons. From the méasured o, and corresponding absorp-
tion rate, we get (TUTrc)phow = 134X 10 % cm? V7,
which is larger than the vaiues obtained by either TOF or
charge coliection. Here % is the quantum efficiency, and 7.,
is the recombination time. 7. is determined by the density
of dangling bonds near midgap, and this is less than the den-
sity of deep traps, which determines the deep trapping life-
time relevant in a TOF measurement, 7. A large density
of states produces a small lifetime,” and we expect that
Tae €Trec,» Which is consistent with the measurement
(“T)e < (W#Trec )photo :

The ambipolar diffusion length L, characterizes minor-
ity hole transport and is plotted in Fig. 3 for the 1.28 eV alloy
and for 1.72 eV ¢-8i:H,F. L, was measured over a range of
temperatures by using the differential surface photovoltage
technique.” The activation energy of the alloy is much less
than for the ¢-8i:H,F, indicating that the peak in occupied
hole traps is closer to the valence band edge for the alloy. Itis
interesting to compare the activation energies (E,, )} s Of
diffesion length with that of (ur), for holes from TOF,
(Eoaer Jsror- We use the relation

Ly ~[ (kT /gy (), 1"

where &7 is the thermal energy and ¢ is the electronic
charge. From this relation we may expect that (EF,, ue
= (1/2}{E,. }ntor. Comparing room-temperature values
for the alloy, we find instead that (E,, g = 24 meV is
greater than (£, ), ror = 14 meV. The reason for the dis-
crepancy is that £, is measured under intense illumination,
whereas (u7}, is measured under darkness, and so the ap-
propriate g7 for the L, equation is not (g7}, from TOF.
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FIG. 3. Diffusion length plotted vs inverse temperature for the 1.28 eV alloy
and unalloyed a-Si:HF with 1.72 ¢V optical gap.

In summary, we have grown a low-gap o-5i,Ge:H,F al-
loy with a low-midgap defect density and high valaes for the
photo-to-dark conductivity ratio and diffusion length, We
attribute our result to careful adjustment of deposition pa-
rameters. The H,O partial pressure was reduced by a long
bakeout and pumpdown time prior to deposition. The depo-
sition flow rate of H, was kept low to produce a truly amor-
phous structure. Electronic transport parameters were mea-
sured over a range of temperatures, and their activation
energies were reported. The properties of this alloy are en-
couraging for the use of low-gap a-8i,Ge:H alioys in photo-
voltaic and other applications.
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