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Device-quality intrinsica-Si:H films were prepared by three methods, hot-wii&V) chemical vapor depo-
sition (CVD), and glow-dischargéGD) CVD with and without H dilution, and show varied light-induced
metastable defect creatigStaebler-Wronski effectSWE)]. We found the following:(a) In addition to the
nonuniform H distribution, the-Si network is inhomogeneous, and the film prepared by GD is more homo-
geneous than the HW filnfb) The light-induced increase of Si-H stretching absorptior-2000 cm * is on
the order of 102 in all the films, and an additional decrease-&025 cm * is found in films with larger SWE.
(c) The change of the compressive stress is on the order df dbthe initial value in the HW films, which is
the same order of magnitude as in GD films. Both the initial stress and light-induced volume expansion
decrease with decreasing Si-H concentration. No simple correlation between the light-induced structural
changes and the conductivity changes was found in the &8¢H films. We describe the light-induced
structural changes in conjunction with the creation of metastable defects by a two-phase model.

[. INTRODUCTION chemical vapor deposition(CVD) dilution ratio of
SiH4:H,=1:4 and at substrate temperatures from 200 to
Hydrogenated amorphous silicéa-Si:H) is of great tech- 250 °C in both the DIR and LOB studié$.

nological importance for solar cell and display applications, One recent calculation suggested that a flipping of H to
especially for light-weight, flexible substrates and large-aredhe Si back bond changes the oscillator strengths of Si-H
devices. Light-induced metastable defect creation-Bi:H,  vibrations! The dipole moment of each flipped H can in-
the so-called Staebler-Wronski effe@WHF), has been the crease by a factor of 1.2—2. Therefore, a 0.01-0.1% H flip
main problem limiting the application of this materfal. induces a 10*~10 2 increase in the 2000 cr absorption.
Much progress has been made toward understanding and mgleanwhile, the distortions of the structure induced by H
ducing the metastability-* There are two typical models to flips increase the strain of the network by about 40This
describe the kinetics of light-induced dangling-bofB) H flipping defect is suggested to occur in conjunction with
creation: weak-bond breaking due to carrier recombination,the formation of metastable DB’s, and the model predicts
and metastable DB creation by hydrogen collistoBoth  light-induced IR absorption and volume dilation on the same
models lead to the same defect creation rate equation, aratders of magnitude as observed experimenfiily.
the latter can explain the DB creation at low temperatfires. Despite a great deal of progress made in understanding
Whereas the weak-bond model describes the SWE as a locthle metastability, materials with improved electronic stability
effect, the H collision model requires long-range H motion.have been made largely by technical means, e.g., by hot-wire
These kinetic modef¢ are based on the assumption of a(HW) chemical vapor deposition techniqfieand by using
uniform network with one type of recombination center; i.e.,hydrogen dilution in the conventional glow-discharge
neutral dangling bondsD®). In order to find the micro- CVD.>*! For H-diluteda-Si:H, transmission electronic mi-
scopic origin of the SWE, techniques have been developed teroscopy results show that tizeSi alloy is a heterogeneous
study light-induced structural changesaisi:H films>® Us-  mixture of an amorphous network and embedded more
ing the differential infrared absorptio(DIR) technique, a highly ordered regions. The volume fraction of the more
light-induced reversible increase 6f1% of the Si-H stretch- highly ordered regions increases with increasing hydrogen
ing mode at wave number 2000 chwas observed.On the  dilution.® For device-quality HWa-Si:H, only 2—3 at. % H is
other hand, a light-induced expansion of 0.01% of the initialneeded, compared to 8—10 at. % in GD CVD samples. Fur-
value was observed using the laser-optical cantileverthermore, a NMR study suggests that most H atoms are
bending methodLOB).® The authors of both worR§ have  highly clustered in relatively small volume fractions in HW
shown that the light-induced structural changes obey thélms.'? In the low-H-content HW films, it was found that the
same stretched exponential rule as the dangling-bond defeittternal friction is much smaller than in GD film3.This
creation that was characterized by degradation of photocorfurther indicates that the H\&-Si:H network has better over-
ductivity (PO). Hence, the results imply that the metastableall fourfold coordination. Therefore, improved structural or-
structural and conductivitySWE) changes share the same dering could be a key factor resulting in the improvement of
microscopic origin. It is worth mentioning that theSi:H  electronic stability. In this work, we study light-induced
films were prepared by glow-dischar¢@D) with a low H  structural changes in relation to the SWE behavior. Three
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TABLE |. Sample preparation conditions and parameters for H microstructure studies.

Substrate
Sample  Deposition  temperature Growth Film H content
no. method (°C) Reaction gas  rate(A/s) thickness(um) (at. %
1 HW CVD 410 pure silane 8 ~7 ~1
2 GD CVD 200 13:1 H diluted 1 ~4 8
3 GD CVD 200 pure silane 4 ~5 12

types of device-qualitya-Si:H films were chosen: HW were also deposited on 7059 glass and crystalline-silicon
films, and GD CVDa-Si:H made with and without H dilu- substrates for conductivity and H content measurements. The
tion. Concerning the SWE, the HW films made & sample preparation conditions, thickness, and hydrogen con-
=1900 °C andT from 360 to 400 °C are more stable than tent are listed in Table Il. The film-quartz system bends due
the low-H-diluted GDa-Si:H; moreover, the non-H-diluted to both the film volume stress during the growth process and
film is less stable than the H-diluted G®Si:H. This work  the difference in the thermal expansion coefficients of the
aims to answer the following question: if a correlation existsfilm and the substrate. In the LOB measurements, the detec-
between the light-induced structural changes and the 8VE, tion limit was 5x10°® rad, which corresponds to a small
should the light-induced structural changes also be reducedisplacement at the edge of the sampt@0 A. This allows

in the HW a-Si:H films and enhanced in the non-H-diluted us to detect~0.01 MPa of stress in tha-Si:H films. One
a-Si:H film? The experimental results yield insights into the piece of the quartz substrate with@iBi:H film was used as

microscopic origin of the SWE. the zero-bending reference. The samples were light soaked
using 300 mW/crh white light, and were then annealed at
Il. SAMPLES AND EXPERIMENT 200°C for 1 h. Both the light soaking and annealing were

donein situ. We note that the light-soaking source was 3.3
Device-quality intrinsica-Si:H films were prepared by times stronger than that used in the DIR studies. The PC
three typical techniques, i.e., by glow-discharge CVD with-degradation and conductivity activation energy measure-
out hydrogen dilution and with low hydrogen dilution at So- ments were carried out for the films deposited on 7059 glass.
larex and by hot-wire CVD techniques at National Renew- Three films, identical to samples 1, 2, and 3 above, were
able Energy LaboratoryNREL). The films were examined prepared for NMR studies. ThHHNMR spectra were mea-
by x-ray, Raman, and photoluminescence techniques, arglred using a simple one-pulse technique and recording the
found to be fully amorphous, without microcrystallinity. The subsequent free-induction decays. The home-BtNMR
defect density was<10'°cm™2 for all the samples studied. probe was thoroughly cleaned and found to have a low rela-
The measurements of light-induced structural changes wettive 'H background signal. The NMR experimental details
carried out with the help of investigators using the DIR andcan be found elsewhef8.
LOB techniques in their laboratories. Experimental details
can be found elsewheré.
For the differential infrared absorption measurements, lll. RESULTS
a-Si:H films were deposited on intrinsic crystalline Si wafers A. H microstructure measured by IR and NMR
(r>100Wcm). In order to eliminate interference effects, It is generally believed that the metastability phenomenon
the silicon wafers were single-side polished and dk®si:H . lated 1o h 3(; A SiHI | der t y P th
film was deposited on the rough side. The sample prepar > refated 1o nydrogen 1a->i.H.— In order C?COFT‘paFe €
tion conditions, thickness, and hydrogen content are listed i microstructure in the _three dewce—qual'lBjSLH films .
made by different techniques, the H configuration and its

Table I. Differential infrared absorption spectra were mea- istribution were measured by IR absorption and NMR spec-

sured with a home-made spectrometer. The sensitivity of th foscopies, respectively. Figuréal shows the IR absorption
DIR instrument is about two orders of magnitude higher than PIes, P y- 9 P

for commercially available IR instruments. This allows de- jvri)t?fgi;%rmsgggﬁsé ilﬁs%r,u?nn:nts 1'.';’?3) Incjril/t:al?olr ?a?nasll:a rid
tection of subtle changes of the IR absorption in @rb- ' P P

thick a-Si:H film. The DIR measurements focused on the , ) »

wave-number range from 1800 to 2300 “mwhere the TABLE_ II. HW film preparation conditions and parameters for
characteristic peak of the Si-H stretching vibration mode is"OB studies.
located. State A was reached by annealing the initial state of

th mple at 160°Cinv m to remov rf bsorpti Substrate Filament Film

€ samplea acuum to remove surtace absorptiog mple temperature current Growth thickness H content
and metastable defects. The measurements were then carrie o 0

. . X ! 0. (°C) A)  rate(Als)  (um) (at. %

out after step-by-step light soaking with 90 mW/cwmhite
light with an infrared cutoff filter. Finally, the sample was TH287 280 14 7.5 ~1 7
annealed at 200 °C in vacuunrfdb h tocheck the reversibil-  TH286 320 14 8.0 ~1 5
ity. TH185 360 15 8.0 ~1 3

For the laser-optical cantilever-bending studies, A~ TH186 400 15 8.3 ~1 2
thick a-Si:H films were deposited on 100m-thick  TH188 440 15 11 ~1 <1

2% 20 mn¥ flat quartz substrates by hot-wire CVD. The films
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-1 FIG. 2. NMR spectra for the HWsample 1, the H-diluted GD

Wavenumber (cm ) (sample 2, and the non-H-diluted Glisamplg 3, a-Si:H films.
FIG. 1. (a) IR spectra andb) the normalized stretching mode
for the HW (sample 1, the H-diluted GD(sample 2, and the non-  spectroscopy whether the Si-H bonds are clustered or iso-
H-diluted GD (sample 3, a-Si:H films. lated. The H spatial distribution was clarified by NMR mea-
surements, as shown in Fig. 2.

(HW film) was enlarged five times. The H content deduced NMR spectra for films prepared in the same conditions as
from the Si-H bending mode at 630 ctis 1, 8, and 12 those in Fig. 1 are shown in Fig. 2. Figure@)?2 2(b), and
at. % for samples 1, 2, and 3, respectively. In Fi@ bnly  2(c) correspond to samples 1, 2, and 3, respectively. The
the 630 cm* bending and the 2000 cm stretching modes spectra are fitted well by a Gaussian function for the broad
of the Si-H bond can be resolved for samples 1 and 2. Fopeak and a Lorentzian function for the narrow peak, which
the non-H-diluted film, sample 3, a small 890 chabsorp- represent clustered and isolated H environments, respec-
tion peak from the bending mode of the Sj-ebnfiguration tively. The area under each curve is proportional to the total
can be seen. Meanwhile, the broad absorption peak centeredmber of*H spins contributing to the signal producing the
at 2040 cm® could be a combination of the stretching-mode curve. Thus, the ratio of the areas of the narrow and broad
absorptions of Si-H and Si-H In Fig. 1(b), we show the peaks gives the relative amount of H in the isolated versus
absorption coefficient of the stretching mode measured witlthe clustered phase. The linewidths and intensity ratios of
the home-made spectrometer. The data agree well with thearrow and broad components are listed in Tablé*lDe-
IR spectra in Fig. (a). The broad peak of sample 3 can be spite the large difference in H content of the HW and
deconvolved into two Gaussian functions peaked-2010  H-diluted GD films, the ratio of isolated to clustered H is
and 2080 cm?, related to the Si-H and Si-Hstretching nearly the same in samples 1 and 2. On the other hand, the
modes, respectively. However, one cannot distinguish by IRiondiluted film sample 3 contains much more clustered H.
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TABLE Ill. H distribution parameters from NMR spectrum.

PRB 62

Dilute H

Broad H-H separation Narrow H-H separation absent

Sample linewidth in clustered linewidth in dilute phase Ratio volume
no. (kHz) phase(A) (kHz) R narrow: broad  fraction
1 45 1.7 3.0 9 31:69 80%

2 35 1.9 3.9 7 34:66 22%

3 40 1.8 4.0 7 15:85 25%

Furthermore, the linewidth of the broad peak is a measure ofarried out after step-by-step light soaking with 90 m\W/cm
the average compactness of the clusters; i.e., a larger widthhite light for about 100 h. In Fig. 3, we show the saturated
means a smaller average nearest-neighbor distance. Thed intermediate curves of the DIR speci@; (b), and(c)

broad line of the HW sample 1 has the largest wid#l5  correspond to samples 1, 2, and 3, respectively. One can see
kHz, compared to-37 kHz for the two GD samples 2 and 3. in Figs. 3a) and 3b) that the saturated values show an in-
This indicates that the HW, film has the most tightly com- crease of about 1% in the absorption near 2000 ‘cafter
pacted H cluster¥ The narrow lines are about 3—4 kHz in light soaking for both the H-diluted and the HW films. This

all the samples. The H-H nearest-neighbor separations fdas quantitatively consistent with the results of Ztetal? for

both the clustered and the isolated phases are also given liow-H-diluted GD a-Si:H films. For the nondiluted GD
Table Ill. Using the intrinsic dipolar broadening of the nar- sample 3, the light-induced change is complex, including a
row peak obtained by the NMR technique of hole burning, as

well as the H content, the volume fraction of the film con- T T T T
taining isolated H can be estimated, assuming a random dis
tribution of spins. The clustered-H-containing volume frac-
tion is small compared to that of isolated H, so only the
isolated H absent volume fraction is given in Table Ill. In- ™,
terestingly, we found that a 20—80 % volume fraction con- .2
tains almost no isolated H in all the samples. This implies
that there is an inhomogeneity of the backbone amorphou: <
silicon network, in addition to the inhomogeneity of the H
distribution. More interestingly, the HW sample 1 shows the
largest volume fractiori80%) that is H poor. Therefore, in
the sense o&-Si:H network homogeneity, the GD is better
than the HW film. However, we have found that the HW
film's H distribution can be made more homogenous if the
deposition conditions are optimizéd.In such a case, the
NMR spectra show a higher percentage of+45%) in the
isolated phase.

The above IR and NMR results show that, despite the
large difference in H content in the H-diluted GD and the
HW samples, the hydrogen configurations and distribution
are qualitatively similar, i.e., there is a predominance of Si-H
bonds and more H in the isolated phase. Furthermore, thi =
tightly compacted clusters and the large H-poor volume frac-
tion of ~80% in the HW film indicate improved structural )
ordering, but also a large structural inhomogeneity of the
HW film. In contrast, the non-H-diluted sample contains
Si-H, and shows more clustered Si-H as well. The next rel-
evant question is, how does the H microstructure change
upon light soaking in these three films? If there is a simple

State A |

Ao (cm)”

Aa. (cm™)

correlation between the light-induced increase of Si-H ab- -=£=-30h
: : , 4l —o—70h
sorption and the SWEthe DIR signal should be largest in . 230
the nondiluted GD sample 3, and smaller in the HW sample Fitting
1 compared to the H-diluted sample 2. The results are giver -6 L ' .
1800 1900 2000 2100 2200 2300

in the next section.
Wave number (cm’)

B. Light-induced ch f the Si-H ab ti
'ght-indliced changes of the Si-H absorption FIG. 3. Light-induced changes of IR absorption measured by

State A was reached by 160 °C annealing of the initial DIR technique.(a), (b), and(c) correspond to samples 1, 2, and 3,
state of the sample in vacuum. The measurements were thesspectively.
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decrease near 2040 cthand an increase centered at 1880 Hydrogen content (at.%)
cm L Indeed, there was only a decrease centered at 202
cm ! after 30 h of light soaking. It is possible that there is a 500 8 6 23 ~1 <l
combination of the increase at2000 cm* due to meta- ! ' ' ' !
stable changes of Si-H and a decrease at a higher wave nun (a)
ber due to metastable changes related to the,Sigrdds. For 400
instance, we obtain the fitting curve as the solid line shown
in Fig. 3(c) by using two Gaussian functions, if we assume a
1% increase at-2000 cm* and a 1.5% decrease at 2025
cm L. Finally, the sample was annealed at 200°C in a
vacuum f@ 1 h to remove the photoinduced changes. We
observed an 80—-90 % recovery of the DIR spectrum for all
samples. The lack of full recovery might be due to inhomo-
geneity of the film.

It was expected that the DIR increase -a000 cm 't 100
might be less in the HW than in the GD film. It was some-
what surprising that the DIR data show the same order-of-
magnitude metastable increase~a2000 cm ! occurring in 0 | | | | |
these three types of films. It is clear that there are light-
induced IR absorption changes in these three films but the 200 250 300 350 400 450 500
correlation with the SWE is not simple. The non-H-diluted Substrate Temperature T, (°C)
GD film shows an additional decrease of the DIR signal at
higher wave number. To further study how the metastable
structural changes are correlated to the electronic stability.
we show another type of light-induced structural metastabil- 8 6 23 ~1 «l
ity in the next section. I 1 ! T I
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C. Initial and light-induced stress in HW a-Si:H

e/

Using a sensitive bending technique, a subtle increase o
film expansion was found in GI@-Si:H films upon light
soaking, and the kinetics of the light-induced structural
change was identical to the kinetics of the SWHle per-
formed the same measurements at the same laboratory on
group of HWa-Si:H films that are listed in Table II. Figure
4(a) shows the initial stress of the HW-Si:H films as a
function of both the substrate temperatiigand the hydro-
gen content. The H content was deduced from the IR absorp
tion spectrum. In Fig. @), it is seen that the maximum ini-
tial compressive stress425 MPa corresponds to a relatively 0.02 ) | | , |
low deposition temperatur&;=280°C and high hydrogen ) 200 250 300 350 400 450 5
content~8 at. %. As the deposition temperature increases, 00
both the hydrogen content and the compressive stress de Substrate temperature T, (°C)
crease. The minimum compression-e¥4 MPa occurs at a
high deposition temperature df,=440°C and low hydro- FIG. 4. (a) Initial compressive stress ang) photoinduced
gen content of<1 at. %. This indicates that the higher the changes of the stress after 300 mW#dight soaking for 3 h, as a
concentration of Si-H bonds, the higher the compression ofunction of substrate temperature and H content in a group of HW
the film, since we know that Si-H bonding is the dominant Ha-Si:H samples.
configuration in the film. Figure ) shows the photoin- o . .
duced changes of the stress after 300 mV@/ttgint soaking D. Photoconductivity degradano_n and metastable defects in
for 3 h in the same group of hot-wieSi:H samples. As in HW a-Si:H
GD films? the saturated light-induced expansion is on the In order to study the correlation of the film stress with the
same order of 10* of the initial stress, and the light-induced SWE in HW films, the photoinduced changes in both photo-
expansion decreases with hydrogen content in the same maand dark conductivities were measured for the same group of
ner as does the initial compression. The light-induced volfilms investigated in the stress studies. The same light source
ume expansion was reversed by thermal annealing at 200 °for light soaking was used for the PC measurements. In Fig.
for 1 h. Again, we did not see the expected results of les§ we show the PC decay as a function of light-soaking time.
light-induced stress in HWA-Si:H than in GD CVD films; We can see that up to 15 h of light soaking with 300
however, we did see that both the initial compression and thenW/cn? white light causes the PC to decrease by about one
light-induced volume expansion are proportional to the Si-Horder of magnitude for the films deposited Bf=280 and
bond concentration. 320°C, but a smaller decrease occurs for the films deposited
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103 T T T T T T very small(in the films deposited at=360°C. Reason-
ably, if the metastable defect are created near the midgap, the
104k | Fermi level moves downward and the PC decreases upon
light soaking. When fewer defects are created in the midgap
/E\ 5 e ve—— e TI= 400 °C (Ts=360°C), neither the Fermi level nor the PC changes
S 107 Hw——/mt—%o od much. Nevertheless, none of the PC degradation curves obey
) :1, 440 °C the stretched-exponential law described by the existing
~ 108} ' - models®* We noticed that typical values of the activation
;’ :: energy in HW films are not only larger than that in GD films
g 107k 280°C ' ] (~0.6 and 0.75 eV at statésand B, respectively, but also
S :- ; nonreproducible during light-soaking—annealing cycles. In
"g :: : many cases, the activation energy is 0.9-1.0 eV in #gdfe
& 108 i - i.e., the Fermi level is located at or below midgap. The Fermi
© 440 °C :: level then either moves upward or does not change upon
10°9}360 oFC—=="4 : _ light soaking. After annealing a second time, the activation
400°C =" i energies are smaller than that measured in statabout
.10 320 OQ..-E | | | | 0.7-0.8 eV. . .
10 ) 0 ) ) 3 . e p One may argue that the defect density of states DOS is a
10-* 10° 10° 10° 10° 10 10° 10 better characterization of the electronic stability. To deduce
Time (sec) the defect density of states, the subgap absorption was mea-

sured by photothermal deflection spectrosc®R9 for the
FIG. 5. Photoconductivity as a function of light-soaking time for S&me group Qf HW films. We plot the results of PDS before
the same HW samples as in Fig. 4. light soaking in Fig. 7@). We found that the subband gap
absorptiona,, is one to two orders of magnitude higher than

at T:>360°C. We note that some increases in PC can pthat in devic_e-quality films. Unexpected_ly, the _360°C film
seen over some time segments in samples deposited at 386°WS the highest subband gaglgb;ogrptmn, which could cor-
and 440 °C. Meanwhile, the temperature dependence of tH&SPond to a defeoclts densn;?ll? /cm” deduced from the
dark conductivity was measured from room temperature ufe/@tionNg=7.9x10"f aedE.”" From our previous studies
to 150 °C before and after light soaking. The position of theby both the constant photocurrent mc_ath_od and electron spin
Fermi level deduced from the thermal activation energy off€Sonance, we know the defeoct density is less thaffa@®
the conductivity is shown in Fig. 6. Comparing the results inil the film deposited at 360°C. A possible reason for this
Figs. 5 and 6, one finds that when the Fermi level movedliscrepancy could be the high sensitivity of the PDS tech-
down appreciably(from 0.60 to 0.83 eV and from 0.82 to Nique to surface roughness. Accordmgly, we exz_ammed the
0.90 eV below the conduction band edge for the films deposfilm surface ‘morphology by atomic force microscopy
ited at T,=280 and 320 °C, respectivélyhe PC decreases (AFM), and plot both the PDS and AFM results as a function

by a factor of 10; otherwise, the PC degradation effect iLf film deposition temperature in Fig(5). The AFM result
from a GD sample is also indicated. The surface roughness

T L —— was defined by an average in a scanning area of
% ’ ! ' ' 1x1 um? A typical value of surface roughness for GD
~ | ® a a-Si:H is 2—3 nm. On the other hand, we found that the
« 0.90 roughness of these HW films was in the range of 5—19 nm.
8 Figure 1b) shows that there is clearly a correlation between
Q 085 ° 7 the PDS and the AFM data, and hence the subband gap ab-
) O sorption signal from PDS is most likely due to surface
§ 080 [ ) 7 roughness and not the bulk defect density for the BP&i:H
g ° o o films. The detailed explanation for the high PDS value re-
2 0751 mains unclear. Because of the high value introduced by the
§ 0o surface roughness, after light soaking there were no visible
8 0.70 - changes of the subgap absorption in the PDS data.
< The defect densitily deduced from subband gap absorp-
*? 0.65[ - tion by using the constant photocurrent method in connection
2 with the transmission spectrum is a more reliable way to
S 0.60 I - characterize metastable defect creation. All the transitions
= . O ; . :
= from deep states to transport level in the bulk material will
g Y 1] NI R S R contribute to the subband gap absorptidrwe show the
O 7950 300 350 400 450  results from a group of HW films that were deposited on
7059 glass substrates using the same CVD system at the
Substrate Temperature T, (°C) same substrate temperature series but all with filament cur-

rent of 14 A. Film properties such as the H content, the
FIG. 6. Conductivity activation energy befo{@) and after(®) initial photosensitivity, and the light-induced changes of the
light soaking for the same samples as in Fig. 4. PC for each sample were similar to those listed in Table II.
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5 o s ER | o | |
e o ] g- pansion; secondly, in this group of HW films the light-
v 10! A A ] = induced volume expansion decreases when the film deposi-
o J = tion temperature increases as shown in Figo)4In contrast,
E o @) | Q the light-induced photodegradation of electronic properties
%0 E 10! B such as the changes of PC, Fermi-level position, and defect
e 3 8 DOS do not monotonically decrease &g increases, as

] shown in Figs. 5, 6, and 8.
3 X GD-CVD ] @ J
T _

qg 100 A A | A A 100 ‘5’ IV. SUMMARY AND DISCUSSION
v 200 250 300 350 400 450 500 =~ The hydrogen content and microstructure and their light-

induced metastable changes were studied by IR, DIR, and
Substrate temperature T (°C) NMR in device-qualitya-Si:H samples that were prepared
by hot-wire and glow-discharge CVD with and without H
FIG. 7. (a) Subband gap absorption and the absorption edgelilution. Despite the large difference in H content between
measured by PDS, ar{tl) correlation of PDSsolid triangle$ with the HW and H-diluted GD samples, 1 and 8 at. %, the H
AFM (open circlegdata, showing that the subgap absorption signalbonding configuration, its distribution, and the light-induced
is due to surface roughness for the same B\8f:H films as in Fig.  increase of IR absorption are qualitatively the same, i.e., a
4. An AFM data point from a GD CVD film is also showx). predominance of Si-H bonds; 3 of the H in the isolated
phase, and an IR absorption increas&% near 2000 cm'
However, the PC degradation kinetics are slightly differentupon 90 mWi/crf light soaking for about 100 h. In contrast,
The details are given elsewhéfeln Fig. 8, we show the the non-H-diluted sample with 15 at.% hydrogen contains
density of metastable defecdNy deduced from subgap ab- Si-H, bonds in addition to Si-H bonds;85% H is clustered,
sorption in comparison with that obtained from the PC re-and a combination of increase and decrease of the DIR signal
sults. The densities of metastable defects deduced from ttis observed. In agreement with previous studfese find
PC and subband gap absorption are slightly different fothat the Si-H bond configuration and an isolated distribution
most films; the light-induced defect density is about (1-of Si-H are preferred for more stable materials, such as the
2)x10%cm 2 in most films. The largest difference was H-diluted GD and HW films. The additional metastability is
found for the film deposited at 360 °C, in which the meta-related to the H cluster and/or Sildonds in the nondiluted
stable defect density deduced from PC data was a factor of 8D film, in which a metastable decrease in absorption at
larger than that from subgap absorption. ~2025 cm* was found. However, both the mechanism that
Comparing the light-induced volume expansion and thecauses the decrease-aR025 cmi* and how this relates to
light-induced PC degradation as well as the defect creatior)B creation remain unclear.
we found that, first, the better electronic stability of the HW Interestingly, the NMR results indicate that a 20—-80 %
a-Si:H does not result in a smaller light-induced volume ex-volume fraction contains almost no H in all the samples. This
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implies that there is an inhomogeneity of the backbone amor- Based on our experimental results, we conclude that the
phous silicon network, in addition to the inhomogeneity ofamorphous silicon network is not a near-ideal continuous
the H distribution.~0.3 at. % isolated H atoms are distrib- random network, but is rather an inhomogeneous network.
uted in only~20% volume fraction in the HW film~2—-3  One possible picture is that the film contains less ordered
at. % isolated H atoms are distributed in the majority of theregions connecting more ordered domains, i.e., a two-
volume (80%) in the GD films. The overall picture is that amorphous-phase model in the simplest picture. Specifically,
GD produces a more homogeneoasSi:H network. The the interfacial regions between the phases are likely to be
AFM results also indicate a better homogeneity of the GDhighly disordered and to contain clusters of H occupying
than the HW film. However, the tightly compacted clustersshallow Si-H levels. The more ordered phase contains almost
and the large H-poor volume fractions 680% in the HW  no H at all (the H-absent region found by NMRBased on
films indicate improved structural ordering that could con-experimental observations of light-induced H mofioand
tribute to the improvement of electronic stability of the HW H-mediated structural changes inc-Si:H due to grain
films. boundary motiorf? it is possible that such hydrogenated in-
Initial and photoinduced stress were studied in a group oferfacial regions are unstable under light soaking and thermal
hot-wire a-Si:H films deposited in a wide temperature range,annealing, due to the catalytic function of locally mobile H
from 280 to 440 °C. We observed a photoinduced increase df rearranging the local Si network structure. We can then
the compressive stress, that is, a volume expansion on thfescribe the creation, saturation, and annealing processes of
order of 10°* of the initial value. The change is of the same the light-induced metastable changes as follows.
order of magnitude as that observed in GD fiftna/e found A significant fraction of the energy deposited by carrier
that both the initial compression and the light-induced vol-recombination may drive the local motion of H atofiiso
ume expansion decrease monotonically with decreasing Si-that the local bonding configurations may fluctuate, leading
bond concentration in the HW films. This indicates that theto fluctuations in the positions of the interfaces. The differ-
Si-H bond contributes compressive stress to the Si networlential of local order across an interface situated between
and that the light-induced volume expansion is also related thigh- and low-ordered phases will entropically favor its mo-
the Si-H bond. tion into the more ordered phase, corresponding to the
The densities of metastable defects deduced from the P§rowth of the less ordered phase, and the increase in overall
and the subband gap absorption show a slight difference fastructural disorder and entropy. Indeed, light-induced revers-
most HW films. The largest difference was found for the filmible change of structural ordering i@-Si:H has been
deposited at 360 °C, in which AFNFFig. 7(b)] shows the reported® Furthermore, H flipping defectsould occur and
highest inhomogeneity. The light-induced defect density waprovide a significant means for the local motion of H at the
of the order of 18P cm™3. No simple correlation between the interfaces. However, these mechanisms alone should not cre-
SWE and the light-induced expansion was found in HWate DB defects. Besides the increase in structural disorder,
films, and none of the PC degradation curves obeyed another driving force for structural change is the minimiza-
stretched-exponential rule. tion of lattice strain energy. The tendency of the network to
Many experimental results have shown that PC degradaminimize the strain per bond by propagation to the rest of the
tion cannot be explained by the bimolecular recombinatiometwork causes the growth of the less ordered phase to be
model? in which the PC is inversely proportional to the den- imperfect, and leads to the creation of coordination defects
sity of neutral dangling bondsD®). However, two or three (metastable DB’sthat occur in conjunction with the phase
types of recombination centers, such as neutral and chargesowth. This two-phase picture is consistent with the weak-
DB’s, can explain the experimental resuitg!14182024t js  hond breaking modeéland suggests a spatial location of the
known that the conductivity in intrinsia-Si:H is dominated weak bond, i.e., in the vicinity of the interfaces.
by mobile electrons. Therefore, the lack of agreement be- The strain initially concentrated at the interfaces is spread
tween the PC degradation and metastable defect creation camthe rest of the network as the growth of the less ordered
be understood if the film contains charged defects. For inphase proceeds, so that the interfaces gradually become less
stance, if positively charge® ™ are converted into neutral strained and stabilize, eventually leading to the end of the
D (or D°—D ™) upon light soaking, the capture cross sec-phase-growth process. Under the conditions of thermal an-
tion for electrons will decrease, and consequently the PC wilhealing, the energy is made available to all the atoms, and
increase. For instance, the capture rate for electrons ithe regrowth of the more ordered phase will be favored to
~10"% and 107cm¥s for D® and D', respectively’®  satisfy local minimization of atomic configuration energy.
which could result in electron lifetimes differing by a factor This process, obtained by annealing at a suitable tempera-
of 10°. If this event parallels the increase of tBe defect ture, effectively reverses the phase growth induced by light
density, the resultant PC could be stable or even increassaking, metastable DB’s are annihilated as the strain is re-
upon light soaking. Charged defects are more likely to existoncentrated at the interfaces and the material approaches a
in an inhomogeneous film in which potential fluctuations arestructural state similar to, but not necessarily the same as, the
strong? The large value of the activation energy may be duehnitial state.
to the existence of charged defetisThe nonreproducible The above phenomenological description of the metasta-
activation energy may indicate that the conversion or crebility can be reconciled with the experimental results out-
ation of charged defects is not completely reversible durindined above. The improved electronic stability of the
light-soaking—annealing cycles. More research is needed tH-diluted GD and the HW films is likely due to the predomi-
clarify what kind of charged defects there are and how theyhance of Si-H(i.e., no Si-B), and better overall network
are converted in the light-soaking and annealing processesordering. Proton NMR finds more clustered H, suggesting
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more metastable interfaces, in the nondiluted film, and theally mobile H at the interfaces, increasing the phase-growth
DIR results suggest that SisHinay lead to an extra metasta- rate superlinearly with carrier density, and also increasing
bility. The observation that the IR absorption coefficient ex-the effective number of metastable interfaces. The significant
hibits metastable changes on the order of 1% is consistemcrease in saturated defect density excludes the possibility
with a picture in which at least a few percent of the H atomsthat a finite number of defect centers cause saturation, also
are involved in bonding rearrangements related to the metaonsistent with the model. One would expect larger effects in
stable phase-growth process. The lack of full recovery of thdIR and LOB measurements by using such pulsed excita-
metastable changes indicates that the annealed structutains.

state is not exactly the same as the initial statevhich is (3) Time-resolved measurements of the electronic meta-
suggested by the model described here. A metastable istability of a-Si:H find that there is a slow precursor to defect
crease in compressive stress would accompany the increaseeation with a time scale on the order of milliseconds, rather
in volume fraction of the less ordered, less dense region, ahan the recombination time scale of microsecofidshe

well as the spreading of the strain initially concentrated afstructural changes suggested in this model may correspond
the interfaces to the rest of the network. The HW films areto that precursor.

evidently much more inhomogeneous than the GD films, (4) Further evidence for a two-phaseSi:H microstruc-
suggesting a larger fraction of interfacial regions in the Hwture is that when the H dilution ratio is increased in the CVD
a-Si:H. Thus, even though the HW film has much lower H process, the highly ordereatSi regions tend to crystallize
content, a greater fraction of its H is likely to be associatednto grains®?°

with the metastable interfacial regions than that of the GD In summary, the light-induced metastability efSi:H
material. This is supported by the NMR observation that thecontains structural changes in conjunction with metastable
H clusters contain a much larger numhkerl4 atoms of H DB creation. We describe the light-induced metastability by
atoms in HWa-Si:H than that(six atoms in GD a-Si:H.!>  a two-phase amorphous model. We emphasize that both the
Therefore, given the more inhomogeneous microstructure afeduced H clusters and the improved overall structural order-
the HW film, the model suggests that the magnitude of itdng are crucial for the improved stability. The high-H-diluted
light-induced structural changes should be larger than expe&D films grown just before the onset of microcrystallinity
tations based solely on H content, in agreement with thdave shown improved stability as good as that of a HW
LOB and DIR data. Indeed, the photoinduced stress in thélm.*® No simple correlation was observed between the
HW films decreases by only a factor of 2 over a range of Hlight-induced structural changes and PC degradation, which
content that changes by a facte8. does not obey a stretched-exponential rule. The inhomoge-

This model can also explain several importantneity of the amorphous silicon network might be important
observationg®-2° in explaining the above results.

(1) The SWE has low efficiency; i.e., more than
10%?cm 3 recombination processes are needed fdf a3
new defect£® As described in the model, this is becauae
a large fraction of the recombination energy drives the struc- D.H., J.B., and G.Y. are supported by the NREL. Thin
tural changes, anth) the defect creation does not take placeFilm PV partnership, Sub-subcontract No. XAK-8-17619-11,
uniformly in the wholea-Si:H network, but more likely takes and partially by NSF Grant Nos. INT-9604915 and INT-
place in the vicinity of the interfacial region. 9600229. We are grateful for help with the DIR studies to G.

(2) The order of magnitude increase in defect creation raté&Kong in Beijing, China, and with the stress studies to S.
obtained with short, intense laser pulééss consistent with  Nitta, S. Nonomura, and T. Gotoh in Gifu, Japan. The
recombination-driven structural changes. The large recombisamples were made by the NRE:Si group and Solarex
nation densities raise the effective “temperature” of the lo-thin film division.
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