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Properties of hydrogenated amorphous silicon thin films prepared by the laser-induced
chemical vapor deposition (LICVD) of silane gas are deseribed, We report the results of
measurements of hydrogen concentration, infrared absorption, unpaired-spin density, optical
and mechanical properties, electrical conductivity, and photoconductivity experiments. We
conclude that the film properties are controlled primarily by the substrate temperature T,
LICYD films are superior to those produced by conventional CVD because of the permissibly
low values of T, This results in an increased hydrogen content (up to 30 at. 9 ) and a reduced
defeet density { —10'" spine/em”). The hydrogen concentration is determined by the surface
chemistry for T, < 300°C ([H] > 20 at. %) and by H. evolution for T, > 300°C{[H] <20
al, 96 ). The hydrogen is incorporated primarily in the SiH, configuration and for T, < 300 °C,
the films contain some polysilane (SiH.), regions. All the physical properties of the films are
discussed in conjunction with the LICVD process characteristics and are also compared with
the propertics of films prepared by the plasma-decomposition and homogeneous chemical
vapor deposition { HOMOCVD) techniques. In all cases, the differences can be attributed to

variations in the processing conditions,

I. INTRODUCTION

Recent interest in hvdrogenated amorphous silicon (a-
Si:H} films has been spurred by its technological promise as
an inexpensive materip) for use in large-area solar energy-
conversion devices,' thin-film transistors,” image sensors,’
charge-coupled devices,” electrophotography,” and vidicon
devices," Each of these applications demands specific, bul
widely different structural, electrical, and optical properties
for the active a-8i:H layers. However, all of these properties
depend on the nature and concentration of the vanous types
of defects which, in turn are directly influenced by the prep-
aration method. Therefore, it 18 of great importance to find
an appropriate processing method which minimizes the
overal] defeel concentration. With this in mind, we have in-
vestigated the properties of o-5i:H prepared by the relatively
new process, laser-induced chemical vapor deposition
(LICVD),

The LICYD technique was developed independently
and concurrently by Bilenchi, Gianinoni, and Musci” and by
Gattuso et al.*® A process model is proposed in the previous
paper.'" Yery briefly, we used a CO; laser on the P{20) hine,
10.591 gm, to heat up a gas mixture, which includes 5iH,,
and thus thermally decomposes the SiH, The laser is
aligned parallel to the substrate upon which the film is to be
deposited, allowing independent control of both the gas and
substrate temperatures, Due to the high directionality of the
laser, the walls of the reactor are cold climinating contamin-
ation from the walls, a major problem of hot-wall reactors,
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For example, in a glow-discharge process, the interaction
between the reactor walls and the plasma may cause impuri-
ties 1o be incorporated into the growing film. Moreover, the
plasma contains various highly energetic ionic species which
can lead to the introduction of defects upon bombardment of
the film surface.'""'* However, LICVD is a cold-wall ther-
mal process, in which the growth environment contains no
high-energy particles and very limited impurity concentri-
tions. We have proposed a process model,"” in which the a-
Si:H thin-film growth is rate conteolled by the gas-phase
homogeneous thermal decomposition of SiH,, Similar to the
HOMOCYD process,"™"" the gas-phase chemistry involves
the production of 5iH, and higher diradicals resulting from
the pyrolysis of SiH;. These diradicals diffuse out of the laser
beam to the substrate leading to-the growth of a-5i:H films.

In order to evaluate the quality of the films deposited by
LICVD, we must thoroughly characterize the material. This
involves investigations of the structure and composition, the
spin density, and the mechanical, optical, and electrical
properties of the films, As expected, we find that most of
these properties are primarily controlled by the substrate
temperature. Indeed, the film properiies are superior to
those of a-5i prepared by conventional CVD and are quile
similar to those produced by glow discharge and HO-
MOCVD. They reflect the gqualities that might be anticipat-
ed for this deposition technique; the permissibly low sub-
strate temperatures directly lead to increased hydrogen
concentrations relative to conventional CY D films, and con-
comitantly the material exhibits drastically reduced defect
densities.

In the following seclions, we present and discuss the
properties of the films in relation to the specific characteris-
tics of the LICVD process. We also describe a growth pro-
cess in which the composition and structure of the material
depend on the competition between the surface chemistry
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and the H evolution process. All the properties seem to bein
accord with this growth process. The characteristics of
LICY D films are also compared with those of films made by
plasmaand HOMOCYD technigues and differences are re-
lated to the different processing conditions.

Il. COMPOSITION AND STRUCTURE OF LICVD FILMS

Depending on the particular measurement to be per-
formed, films were deposited on a variety of substrates, in-
cluding borosilicate glass (Corning 0211), aluminum-coat-
ed glass, fused silica, and single-crystal silicon. All films
were determined Lo be umorphous from the résults of elec-
trom-diffraction experiments, as expected with the low sub-
strale temperatures used (T, < 400°C). The film composi-
tion was investigated both by the H, effusion technique'
and by infrared (IR) spectroscopy.'”

Figure | shows the H content, [H], as o function of T,
for both our LICYD films and canventional CVD films.""
[H] was determined by the effusion technique' for films
deposited on fused silica and crystalline silicon and was cal-
culated from the final pressure at the erystallization tem-
perature {~700°C). The ceffusion temperature Ty 15
== 300-350 °C for T, < 300°C, while for T, > 350°C, T4 is
= 500"C, | H | increases monotonically as T, decreases, asis
the ease for a-5i:H prepared by other methods. """ The ob-
served values of [H] are typically a factor of 2 Inrger than in
HOMOCVD and low-rf-power plow-discharge films, and
are of the same order of magnitude as high-rf-power glow-
discharge films. "

Figure 2 shows the IR spectrum in the range 19002200
em ™ or films made at T, = 100, 200, 300, and 350 *C. Fol-
lowing Lucovsky, Nemanich and Knights,"" we associate
the 2000 cm ™' peak with a Si-H stretch mode, while the
2090-2100 cm ' is assigned to the Si-H, and (SiH,),
stretch modes. These results indicate that most of the H in
the LICYD ¢-5i:H is in the %i-H bonding configuration in
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FIG. 1. H concentration | H] as-a function of substrate temperature T, for
LICVD and CVE films (from Ref, 14).
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the film. For T, = 200°C, the 2140 cm ™' peak characteris-
tic of Si-H, (Refl. 15) becomes evident, The 2000 cm ™' peak
assigned to the SiH bonding configuration is essentially ab-
sent for 1, < 350°C. [H]| cannot be estimated from the [R
spectra since the multiplication factor is known only for a
peak centered at 2000 em 'Y ' while our films predomi-
nantly exhibit the 2090-2 140 peak.

Other peaks have been observed in addition to those in
the 2000-2100 cm ' range, and their absorptivity as a func-
tion of 7, is shown in Fig. 3. Following Lucovsky ef al,,'"""
the peak assignments are: 890 em ™', Si-H, and (8iH.),
bend scissor; 845 em ™!, polymeric (SiFL ), wag: 980em ),
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FIG. 3. Absorptivity of varioos IR peaks and o (845 ¢m ™' ) A (890 em— ")
as a function of substrate tempernture T, ,
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Crstretchin Si-0-Si-H: 790 cm ™, 5i-N stretch. Whereasin
sputtered,'® glow-discharge,'” and HOMOCVD' films. the
845 cm ' peak is always smaller than the 890 cm ' peak, in
the LICVD films. the ratio a{ 8453 //cr { 890) can be as high as
2 at T, = 100 °C, indicating increasing regions of the poly-
meric structure {SiH.), for T, below 300 "C. Clearly, most
of the H is in the Si-H, bonding configuration, and at low T,
{ <300°C), [H] becomes so large that pelymeric chains
form. Peaks related to the prescnce of oxygen and nitrogen
increase in strength as T, decreases below 200°C. This is
probably due to the fact that the film was exposed to air after
deposition, Indeed, as pointed out by Schott and Hirsch-
mann,” the polymers (SiH), and (SiH;), tend to oxidize
very quickly when exposed (o air. From the results of Lu-
covsky ef al,"” we estimate that [O]=08 at. % at
T = 100"C, decreasing to undetectable values ([O]<0.05
al, %} at T5 =200 “C. The nitrogen content cannot be cal-
culated in this way due to a lack of knowledge about the
magnitude of the calibration factor.

ll. FILM GROWTH

In the LICVD process, the film growth occurs due to
the surface reactions of SiH, and possibly higher diradicals
(SiH,SiH, etc.). Following Kampas and Griffith,”' we as-
sume that the a-8i:H surface is fully hydrogenated. Since
monoradicals (H,5iH,, etc.) are absent in the gas,'™" the
hydrogenated surface of a LICVD film very likely has a
much lower concentration of dangling bonds than that of a
film deposited by plasma processes. By analogy with the gas-
phase chemistry,”™ SiH., can insert into any silicon-hydro-
gen bond { =Si-H ) with activation energy of approximately
2 keal/mole to form an activated complex ( =8i-SiH? ):

SiH, + =5i-H - =Si-SiH}. (1)

Kampas and Griffith”’ suggested that the activated complex
either deactivates at a rate ry, or ¢eliminates hydrogen at a rate
r. The latter process is ordinarily followed by a cross-linking
step. The ratio r,/r, is then a function of the total H concen-
tration, [H], only and is equal to (2[H] ' — 3.

Figure 4 shows the Arrhenius plot of r/
r, = 2[H] ' — 3 as a function of the reciprocal of the sub-
strate temperature T, for both LICYD and conventional
CVD films.'* Two distinct ranges of behavior can be identi-
fled. For T, « 300 °C, the activation energy 15 0.08 eV, essen-
tially the same as the 0.07 eV found in HOMOCVD films. ™
According to Kampas and Griffith,™ this 1s just the differ-
ence in the activation energies of the H elimination and deac-
tivation processes, For 7, = 300 °C, H evolution occurs and
the Arrhenius plot of 7./, as a function of 1/7, ne longer
has a simple meaning. In Fig. 4, wealso plotlog [H] ~'asa
function of 1/T, for the same data. Again, two regimes are
evident. At T, < 300°C, an activation energy of 0.05 eV iz
deduced, similar to the HOMOCVD results.'* According to
Scott, Reimer, and Longeway,' this represents those H
elimination steps that reach equilibrium quickly compared
to the total deposition time. For T, > 300 °C, evolution oc-
curs with an “‘apparent’ activation energy of 0.68 V.

The IR results along with the analysis based on previous
models "™*' of our data of [H| as a function of T, suggest a
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Fig. 1),

possible growth mechuanism, In the LICVD process, SiH,
and possibly higher dirndicals react on the surface with an
petivation energy of 0.05-0,08 ¢V. This is essentially the
same as the activation energy of the gas-phase reaction inser-
tion of SiH, into any Si-H bond (=009 eV)* For
T, <300°C ([H] > 20ar. % ), there is essentially no H, evo-
lution and [H] is determined by the surface chemistry in-
volving the competition between the -SiH¥ complex deacti-
vation-and the H, elimination step. In the LICYD process,
due to the absence of either any etching by monoradicals or
any 1on bombardment, the film surface should havea Si-H,
structure with a very small concentration of dangling bonds.
Asisevident from the IR resulis of Fig. 2, this is reflected by
predominantly SiH, bonding in the films prepared with
I, = 300°C. As the temperature is lowered, the -SiH* com-
plex deactivation becomes more predominant over the H,
elimination step leading (o an increase in the concentration
of SiH,and even to some SiH, units, At the lowesl tempera-

ture, polysilane chains are present in the films, as is clear

from Fig. 3. For 7, = 300°C ([H] <20 at. %% ). in addition

to the surface chemistry, H, evolution during: growth con-

trols the hydrogen concentration. Films deposited in this

temperature range still have a primarily Si-H, structure sug-

gesting that H. evolves via the process SiH, —5i - H,. Only

rarely does a single $i-H bond break, a necessary event for

the appearance of the 3i-H units. However, due to the de-

crease in the concentration of Si—H, units, the 845 cm™'

peak disappears above 300°C, as is evident from Fig. 3, The

activation energy of 0.68 eV indicated by the data of Fig. 4 is

different from the 1.5 ¢V usually reported ™ as the activation

energy for the H diffusion coefficient D, in glow-discharge
@-Si:H films.: This might suggest that a different process, e.g.,

diffusion of molecular H, is the rate-limiting step in LICYD

films with a predominantly SiH, structure,
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IV. DEFECTS

The unpaired spin concentration N, was determined
from electron-spin-resonance (ESR) experiments,™ It is
probable that other defects, with paired spins, are also pres-
ent in the film, but these are difficult to detect.” The ESR
spectra show the usual line with g = 2.0053, indicative of
neutral dangling bonds. ™ At low values of microwave pow-
¢r, an additional sharp peak arises at 2.0026. This peak has
been attributed by Carlos™ to the presence of small concen-
trations of carbon. The concentration of the defects with
g = 2.0026 is independent of all process parmmelers and
equal to (6 4 2) % 10" em . The concentration of neutral
dangling bonds is also independent of laser power and gas
pressure, but depends strongly on the substrate temperature
(Rl

Figure 5 shows the Arrhenius plot of N, as a function of
1.7, for both LICVD and conventional CVD films.”"*" ¥,
decrenses with decreasing T, reflecting the increasing hy-
drogen concentration. All data fit the relationship

N, = (2.7 10" cm~ "exp( — 0.63 eV/kT, ), (2)

emphasizing the basic similarity between the LICVD and
conventional CVID deposition processes. However, the
LICYD process permits films to be deposited at 7, values
inaceessible to conventional CYD of SiH,. The values at the
lowest substrate temperatures, N, =8x 10" em ™", are of
the same arder of magnitude as those observed in high-quali-
ty films deposited by other techniques,'™" but our films do
not exhibit the minimum &, observed near T, = 300°C
both glow-discharge and HOMOCVD films. This difference
suggests differences in the processing conditions and gas-
phase chemistry, The plasma contains high-energy ions and
manoradicals, which could induce defects that do not anneal
away ot low T, { < 300°C), HOMOCVD 35 a thermal pro-
cess otherwise similar 1o LICVD, but some monoradicals
such as SiH, are possibly present because of the hot walls,
and those could be the spurce of the increased &V, atlow T7.
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FIG. 5. Spin density &, v 1/7, (K" for LICVD films: @25 W; & $0W;
w 45 W laser powers pbove the substrate and for normal CVD films; 17
from Ref. 27; /A from Refl 28,
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The CVD and LICVD resulis indicate that the concen-
tration of neutral dangling bonds is controlled by a law of
mass action at 7, with a formation energy of .63 ¢V (14,5
kcal/mol). Due to the absence of either ion bombardment of
etching by monoradicals, the defect density of films deposit-
ed by the LICYD process depends primarily on the steps
involving H elimination at the surface and H diffusion to the
potential dangling bonds in the growing film. The 0.63 eV
activation energy of N, is not too far from the 0.68 ¢ ¥ activa-
tion energy of [H] ' for T, > 300 "C. This suggests that the
H evolution process is responsible for both the [H] and the
N, variations in the films. For T, =300 °C, the ¥, [H] prod-
uct is essentially constant, This can be understood if the H
evalution at high temperature, which induces a decrease in
[H1, also results in an increase in spin density. From the
data of Figs. 4 and 5, for 7', > 300 °C, we find

(N, [H])'*=5%10"em™?, (3)

where &, and [ H] both have units of em . The microscop:
ic origin of Eq. (3) is not yet well understood, since [H]
represents the total H content which probably includes Si-
H, Si-H,, and the molecular Fly trapped in the micro-
voids. "™ However, N, should be proportional to the overall
strain which monotonically decreases with increasing [H],
so that the result is not unreasonable,

An annealing study has been done for four films, depos-
ited at T, = 200, 250, 300, and 400 °C. Figure 6 shows an
Arrhenius plot of A, as a funétion of the annealing tempera-
ture, 7, " Annealing any of these filmsut 7', = 250 °C does
not affect N,. However, upon annealing at 300°C, N,
changes abruptly and becomes (2.5 4+ 0.5) % 10" em ™, in-
dependent of 7,, for films processed at T, = 300°C. This
valueis the same as when processing the ilms at 7, = 350°C
(see Fig. 5). In this temperature range (300-350°C}, H be-
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FIG. 6. Spin density a8 o function of the reciprocal annealing lemperature
for films processed at substrate temperature T, = 200, 250, 300, and 400 °C
(from Ref. 31)
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ging to effuse, leaving dangling bonds and other defects be-
hind. Any further annealing up to 400 °C does not change
NN, . probably because no further H. evolution ocours at these
temperaiures after the films have been held at 300 "Clor 1 hu
These results suggest that the relationship between the neu-
tral dangling-bond concentration and the H concentration
found in the as-deposited LICVI) films also holds after an-
nealing. Note that the absence of annealing effects below the
temperature at which hydrogen begins to effuse, e.g., in the

. = 200°C film below ¥, = 3007C, is consistent with the
lack of a minimum in Fig. 5.

V. MECHANICAL PROPERTIES

Although most a-5i:H films grown by other processes
are ordinarily under compressive stress,” " LICVD films
grown ona very thin substrate (0.015 mm) are under tensile
stress. Figure 7 shows the stress of film deposited on borosili-
cate glass {Corning 0211} as a function of T, as measured
with o He-Ne laser bothnt T'= 7, and at 7= 25°C."" Also
shown is the thermal éxpansion as deduced from the slope of
sLress versus measuring temperature.

Films thicker than 2 gom have been grownat T, = 350 °C
and at T, <250°C; however, films grown at 7, = 300°C
peel off the substrate at thickness 0.6-1.0 pm during depo-
sition independent of the thermal stress during the cooling of
the sumple, These observations are consistent with the fact
that the maximum intrinsic stress of 5.1 10 dyvn/em® 15
observed in films deposited at T, = 300"C, We have esti-
mated that the yield stress is 5.6 10" dyn/cm” which corre-
sponds to-a factor of 4.3 larger than the one deduced by
Shanks and Ley.™ The maximum intrinsic stress occurs af
the substrate temperature which separates the two growth
regimes of Fig. 4. Films made at 7, < 300 °C undergo mini-
mum hydrogen evolution during growth, and the top laver
which grows under essentially no stress is determinad by the
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surface chemistry. Underneath layers are not annealed and
the films show minimum internal stress, However, when
T, = 300°C, H diffusion, both towards the surface and the
substrate begins to take place causing the internal lavers to
shrink. Therefore, the films are under tensile stress. Also H,
diffusion leads to microvoid formations™ " introducing ad-
ditional stress, which can even lead to eracking and blister-
ing when the pressure in the microvoids becomes too lurge.
When the processing temperature 8 still  higher
(7, = 350°C), less hydrogen is present in the film due to
both the H, elimination at the growing surface and H, diffus-
ing out of the film. The annealing process still produces some
stress al these substrate temperatures, but smaller than that
at T, =300'C.

As the film and substrate aré cooled from T, 1o 25°C,
stress decreases due (o the countereffect of thermal stress,
Using the thermal-expansion value of 7.4 107°°C~* for
the 0211 Corning glass, we can estimate the thermal expan-
sion e plotted in Fig. 7. Films grown at 400 °C have the sume
« as crystalline silicon™ (c-8i). However, as T, decreases, &
increases monotomically, probably due to the incorporation
of hydrogen, which changes the local bonding configuration
as well as the density. Figure 8 shows & as a function of [H]
for LICVD g-5i:H films, ¢-8i, and glow-discharge a-Si:H
films.** Qualitatively, the thermal expansion of a solid de-
pends on the anharmonicity of the chemical bonds. Figure §
suggests that the Si-H bond is more anharmonic than the Si-
Sibond, probably due to the difference in electronegativities.

V1. OPTICAL PROPERTIES

The variation of the optical absorption er, , as a function
of photon ensrgy, £ = kv, provides information about the
optical gap E_, defined by the Tauc's expression,*'*
(a,hv)"'* = Blhy — E, ). For LICVD films, E, isindepen-
dent of laser power and gas pressure, but increases with de-
creasing 7T, due to the increasing [H] in the films.**** Fig-
ure 9 shows £, as a function of [H] for films made under
different conditions: The admixture of the stronger Si-H
bonds (the Si-H bond energy of 3.4 €V is about 40% larger
than the 5i-8i bond energy of 2.4 eV) to the network re-
moves states from the top of the valence band, thereby in-
creasing £, . Clearly, two distinct regions exist, with a transi-
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tion at 7, = 300°C {[H] =20 at. %), essentially the same
{ransition temperature found in Fig. 4. For [H] <20 at. %
(I, = 300°C), £, increases linearly from 1.5 1o 1.8 V. In
this temperature range, H, diffusion results in the films hav-
ing a predominantly SiH, structure. The observed relation-
ship, £, = (0.016]|H] + 1.5) eV is the same as the one
found by Cody ef. al.*? for a films with [H] < 30at. % and a
predominantly $iH structure. This result suggests that E,
depends on only the total H content, independent of the
bonding configuration. However, for [H]>20 at. %
(T, =300°C), £, increases more rapidly with |H] up to
~2.7 eV, In this temperature range, the absence of H, evolu-
tion leads to u large concentration of SiH, units and to the
formation of {5iH. ), chains. Figure 9 suggests that interac-
tion between Si—-H, units leads not only to the 845em ™' IR
peak, but also to alarger bonding-antibonding splitting lead-
ing toa much larger optical gap, Such a large optical gap is in
agreement with a theoretical caleulation of the energy band
structure of chainlike polysilane alloys.*

VIl. ELECTRICAL PROPERTIES

The dark conductivity (7., ) and photoconductivity
(@, } Of LICVD films were measured using a planar sample
configuration with a separation of < 10 em between two
aluminum contacts, Sandwich configurations gave unreha-
ble results, due to the presence of a non-negligible oxide layer
near the surface, as indicated by the IR spectra (see Fig. 3).
With the maximum applied field kepr at 10° V//em, the low-
est measured oy, ~ 107 " (§2 em) ~'. We found that it was
essential that the films be deposited on fused silica, due to the
high resisivity of the sample, which is in paralle]l with the
substrate.

Figure 10 shows the values of 74,5, 75, ,2nd the optical
gap at 300 K as well as the activation energy (E,, ) for o,
‘estimated from Arrhenius plots in the high-temperature re-
gime for films deposited at several different values of 7,.%
The photoconductivity was measured using a quartz-halo-
gen lamp ( =0.5-1,1 gm} with an intensity of about 100
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perature. The = are for CVD Almy (from Ref. 48},

mW/em®. E,, was caloulated in the high-temperature
range, because of a small curvature of the Arrhenius plot of
Taurs OF some films. From a linear extrapolation of the high-
température measurements, we can estimate that films de-
posited at 7, =200°C have g4, much lower than 10 i
(2 em) ', possibly as low as ~ 10" (£} em) " ar 300 K.
The values for a,,,, shown in Fig. 10 are approximately 5
orders of magnitude lower than the ones reported previous-
ly,” probably due to a systematic experimental error in the
previous measurements. Indeed, the o, values reported
here are for samples deposited on the contacts, while in the
previous measurements, contacts were evaporated onto the
sample, very likely leading to an additional conduction path
through interface states with a higher conductivity,

The dark conductivity of conventional CVD films*™**
has a constant high-temperature £, =0.8 ¢V and a low-
temperature (T< 100°C}) E.. that increases as 7, de-
creases, leading to a relative decrease in the room-lempera-
ture value of o, . Arrhenius plots of LICYD films show
only a small curvature and a high-temperature £, increas-
ing from0.8e¥ to 1.2 + 0.15eV as T, decreases from 400 o
200 °C, leading to a sharp decrease in the room temperature
o4, - MNumination of the films with white light of intensily
100 mW /em” increases the conductivity by about 5 orders of
magnitude. The photoconductivity decreases as 7, de-
creases, due to some extent to the increase in E_, which de-
creases the number of absorbed photons. However, the de-
crease in o, by over 4 orders of magnitude as £ increases
from 1.5 to 2.5 ¢V must be primarily due to the increase in
the concentration of recombination centers near midgap.
Since the low 7, films have lower concentrations of T de-
fects, they must possess larger concentrations of spinless de-
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fects in the midgap region.

E, most likely represents the energy difference
between the Fermi level £y and the nearest mobility edge,
presumably that of the conduction band. We notice that
oo = E. /2, suggesting that £ is near the middle of the gap
for both LICVD and CVD films, independent of the process-
ing conditions, This might be due to a defect band in the
middle of the gap pinning £, or it could be due to a negative
Uy for the dangling bond defect. As the [H] increases by
decreasing T, the concentration of defects decreases, but
more importantly, the gap increases, leading to an increase
in £, . Dark and photoconductivites follow the variation of
E...» which primarily depends on the H concentration.

Spear and LeComber®™ reported that nonintentionally
doped SiH, glow-discharge a-8i:H films ( T, = 350 'C)aren
Lype, with a room-lemperature o, ~ 1077( em) ~" and
£ =06 ¢V, By incorporating small concentrations of
B.Hg in the gas, E; moves towards the middle of the gap.
The minimum room-temperature o, 15 = 107"
em) ' with £, =0.8 ¢V exacily at midgap. These values
correspond to those of cur undoped films, which suggest
that the two processes lead to different types of defects. This
may nat be surprising considering how different the film-
prowth mechanisms nnd the resulting film structures are in
the two processes. HOMOCYD films'™* with T, =250°C
have a room-lemperniure o, ~ 1071070 cm) !
with £,, =0.7-0.8 ¢V, only slightly different from our
LICYD films, Higher silane CVD films®' deposited at
440 = T, =500 "C have high-temperature sctivition ener-
gies B, =0.7-0.8 eV with ¢y, =107%-10""({} em) .
These results are consistant with the interpolation that we
made between CVD and LICYD data on Fig. 10,

Staebler and Wronski®* observed that long exposure 1o
light { ~200 mW /em® for 3 h) decreases both the photocon-
ductivity and dark conduetivity of plasma-deposited a-Si:H
films. They also noticed that the process is reversible by an-
nealing above = 150 °C for about 2 h. This effect has impor-
tant implications for the stability of semiconductor devices,
such as thin-film solar ¢ells.™ These photoinduced changes
were not observed in LICVD filns made at T, > 300°C;
however, a decrease in o, by a factor of 10-100 has been
measured in films processed at T, = 200°C.* (Due to a
very low oy, in films deposited at this 7., light-induced
changesin oy, were not measurable. } Scott er el failed o
observe changes in ¢y, with strong exposure to light on
HOMOCYI films, and have suggested that plasma-induced
defects are responsible for the effect. Ellis er o/ has also
reported a very small Stacbler-Wronski effect on higher
CVD films. However, Tanielian™® showed that photoin-
duced changes in ,,,,, are almost absent when £ 1s midgap
or in heavily doped films, but is at a maximum when E; is
near E /4 and 3E, /4. Since LICVD, HOMOCVD, and
higher silane CVD films have £, near E, /2, we might ex-
pect that the light-induced effects on #,,,, should be mini-
mal. However, the absence of any changes in 7., usually
indicates that the intrinsic defect concentration is sufficient-
Iy large to mask light-induced changes, either by reducing
the probability of a defect-creating recombination event or
because the neutral dangling bond concentration is so large
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initially that the excess ones created by the light are negligi-
ble.>*

VIlIl. SUMMARY AND CONCLUSION

All the physical properties of LICVD a-Si:H films ap-
pear to be controlled by 77, and are independent of the laser
power and SiH, pressure, At least for the small range of
growth rates (30-200 A/min) for the films under investiga-
tion, no systematic change in film properties has been ob-
served. The strong variations with T, suggest that the prop-
erties of the films primarily depend on the total H
concentration,

LICVD films are superior to those produced by conven-
tional CVD of silane because of the permissibly low sub-
strate temperatures. This results in increased hydrogen con-
centrations and reduced defect densities, However, LICVD
films have higher [H] than plasma films, probably due to
the absence of ion bombardment and monoradical etching,
The film properties are similar to those made by
HOMOCVD in that both have a predominantly Si-H, strue-
ture with a relatively high optical gap. Nonintentionally
doped HOMOCYD and LICYD films are nearly intrinsic,
while plasma films are usually somewhat n type, probably
due to the defect-related 1on bombardment.

LICVD s ncold-wall thermal process in which the thin-
film growth is due to the surface reaction of $iH, and possi-
bly higher diradicals (SiH,SiH,...)."" The gas contains
neither highly energetic particles nor monoradicals, These
specific conditions result in films with a predominantly Si-
H, structure. [H| is determined by the surface chemistry for
T, <300°C ([H] =20 at. % ). At the transition tempera-
ture (T, = 300 °C), the films show maximum internal stress
due to a relatively large [H], which together with the large
vatlue of the H diffusion coefficient leads to both significant
annealing and microvoid formation. Due to the absence of
both etching by monradicals and ion bombardment, the de-
fect density depends primarily on the steps involving H, evo-
lution in the bulk of the growing film. The Arrhenius plots of
N, and [H] ' have the same activation energies (0.63-0.68
eV) for T, = 300 °C. As [H] increases, &, decreases such
that the product X, [H] is constant.

As expected, incorporation of hydrogen in the films af-
fects the structure and all the properties of the films: The
thermal expansion increases linearly with [H], probably
due to a greater anharmonicity of the Si-H bonds compared
to the 5i-Si bonds. The basic unit in LICVD 2-Si:H is §i-H,,
whose concentration increases as T, decreases, For
T, <300°C, the H, evolution becomes very small and the
concentration of Si-H. units increases sufficiently that
chains of (SiH, ), form, leading films to have some polymer-
ic regions. The optical gap increases linearly with [H], upto
concentrations of 20 at. % hydrogen (7T, > 300°C). How-
ever, for T, <300°C, ([H] = 20 at. %), the rate of increase
of the gap is greater, due to the formation of polymeric re-
gions of (8iH;),. In LICVD films, £, is always near mid-
gap leading to very low values of room-temperature dark
conductivity, oy, ~107"*(02 em) ~ " Mlumination of the
films with AMI light increases & by factors of ~ 107, sug-
gesting a relatively low overall defect concentration.
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