Published in Conference Record of the 21th IEEE Photovoltaic Specialists Conference, volume 2, 1642-1647, 1990

which should be used for any reference to this work

SATURATION BEHAVIOR OF THE LIGHT-INRDUCED DEFECT DENSITY 1Y
HYDROGENATED AMORPHOUS SILICON

FLR. Park®, 1.7, Lin, P. Roca i Cabarrcast™),
A. Maruyamal® | M. Jsomurs, and 8. Wagner
Drepartment of Ebectrical Engineering, Princeton University,
Princeton, New Jersey 08544

JR. Abelson

Materials Selence and Engineering Drepartment and Coordinated
Science Laboratory, University of llincis at Urbana-Champaign,

Urbana, Ilinols 61801

F. Finger

Institute of Microtechnology, Universlty of Neuchétel,
AL, Bréguet 2, CH-2000 Neuchatel, Switzerland

ARSTRACT

Using a Kr ion laser (h = 847.1 nm), we have
satyrated the light-indueced defect generation in
hydrogenated (and fluorinated) amorphous silicon
(a-Si:H{F)) a%¢ a carrier generation rate G of 3 x
10™em s, within a few hours near room tem-
perature. The defect geperation rate seales with
]‘.l'Gﬂi but the saturation defect densities N!.ﬂl- Are
independent of <. The =zaturation is not due to
thermal annealing. We have measured N, in 87
a-S3LHF) filus grown in sia dilferens resclors Ly
different techniques. In these flms N, hes
between 5 x 10" and 2 x 10Vem™%, N, drops
with decreasing optical gap and hydrogen content.

N, o 5 not correlated with the initial defect den-
gty or with the Urboasb snergy.

INTRCDUCTION

The light-induded defect genepration in hydro-
genated amorphous silicon {a-51:H{F)} is an impor-
tant isouwe for ite photovoltaic applications.
Because of the diffienlty of reaching saturation
under commonly employed illumination intensities,
little iz known about the saturated light-induead
defeet density I, mainly because of the
difficulty of reaching saturation experimentally
under commonly employed illuminetion eonditions.
Axide from its theorstical significance, saturation
can also be used as a practical deseriptor of stabil-
itv. We recently introduoced a method for reaching
ssturation within a few hours illumination nesr
room Lemperature by uging light from a krypton
ion laser (A = 647.1 um) Ji|. First we found that
I, .o near room temperature is essentielly indepen-
dent of light intensity [1). Then we measured 37
g-51:H [or a-SUEHLF) samples grown in six different
renstore at Ave difforent labaratorion, In an attompt

o eorrelate DN o, with four macroseopic material
parameters: the Tauc optical band gap ¥_,, the
Thbach energy E , the annealed-state d&eﬂ?ﬂmﬁ-}"
N, znns 8nd the bydrogen concentration cg. Such
correlations on samples from many different sourees
may Lelp identily Lhe mechadgizu of e Tigli-
induced metastability and provide approaches to
improving the stabliity of the material. Here we
report the results of our work done to date on

NE ,sat

EXPERIMENTAL CONDITIONE

Deposition technique, key deposition condi-
tion, and some properties for each group of samples
are listed in Tahble I. The samples were deposited
from a DO excited glow discharge (GD), from BEY
(13.6 or 70 MHz) excited glow discharges, or by DC
magnetron. sputtering. Special features of some
samples lnciude the uwse of flucrine, of a hot-wall
reactor, or of an ultrehigh vaemum system. All
samples were anncaled ot 170°C for 80 min. o
nitrogen gas before the experiment. E_ . valoes
were determined from Taue plots messured with
the opticel trensmission method. The subgap opti-
cal absorption spectra were measured wusing the
constant photorurrent method (CPM) in a
coplanar  confipuration of chromium electrode.
Photothermal deflection spectra and photosondue-
tivities were alzo determined. We sonvertad the
integrated exeess [above the extrapolated Urbach
tall) subgap absorption to the defect density N,
uslng the empirical formuia fem™™) = L% x
10" [Acepyy (em™) dE (e¥} [2. The Urbach
energy K, was taken from the CPM apectrum.
The ranges of B, Ny e 80d By 1o our 37 sam-
ples were 1.61-1.63 €V, 1.1 x 10" - 1.6 x 10%%em=3,
snd 49-82 mcV, reapeciively.



Table I Deposlilon conditions and properties of the samples used in this study

Deposition Key Source T8 o) A4l Number of
technique foatures (*C) {at. %) {jm) samples
DC triode  Flucrinaoted  SiF,+H, 200,225,250 518 0.06-1.08 g
GD 0.1<efdl=g 975,300
DO trinde Optimized SiH, 300 <10 1.20-1.97 4
D deposition
RF GD Depcsited =iH, 200 na. 1.86-3.10 5
(13.8 MHz) under 0V
T - 1OV
substrate bias
RF GD High T, SIH, 300325 <10  1.90-2.30 3
(13.6 MHz) 350
Hot wall Substrate S5iH, 100150 T7.1-15.6  3.00-4.50 i’
BF GD tem perature 200,260
(12.BMEH =) dependensze 200
Ultrahigh Low SiH, 180,350 12.6-21.7 0.70-1.52 3
vacuum impusity
RF GD
[13.BMHz)
RF GD High-freq. BiH, 100,150  0.5-18.2 1.65-2.806 4
(70 MHz) deposition 200,250
Do Sputterad x-3i 200,230 11.3-28.0 080-20 &
magnetror, ArH, 300

{a) Substrate temperature.

{b) Hydrogen content from the integrated infrared Si-H absorption band at 630 em—!,

{¢) Sampls thickness,

{d} Fluocrine sontent in at.%5 from the integrated sum of the Si-F, Si-Fy, B1-F, and 81-F4
of (Si-Fa), 1nfrared absorption bands between 830 and 1015 em ™,

Mearly uniformly absorbed light of low and
high intersities was used. The low-intensity lght
(dencted LI3) was produced by pssming the lght
from a tungsten-halogen lamp through a 850 £ 35
nm bandpass Blter. This light source yields an
average carrler generation rate of G = & X
10em*~1, The high-intensity light source
(dencbted HI3) was the Kr ion laser beam broadened
with & lens to produce an averzge camrier geners-
tion rate of G = 3 x 10%em L. Particular
attention was paid to keeping the zample tempera-
ture during the llominetion near rocm tempera-
ture, #0 that thermal annealing was unimportant.
During the LIS sosking, the sample was mounted
on & waler-cooled copper plate and cooled with
blown nitrogen gas, We estiimate that the sample

temperature during the LIS lght soaking was
below 36° C. Durlng HIS soaking, the nitrogen gas
was ¢hilled by passing it though liquid nitrogen.
The sample temperature during the HIS scaking,
averaga over the semple thickness, wes monitored
with an opiical transmisslon method., YWe cali-
brated the transmitiance versus temperature by
pasting a He-MNe laser beam (A = 632.8 nm)
through a =ample located in a temperature
controlled oven. Becawse of the temperature
depondence of the optieal absorption edge, the
transmittance of the laser light decresses nearly
two orders of magnitnde as the sample temperature
increases from room temperature to 180°C. The
typical sample temperature measured with the opt-
ical transmission method was 20 - 30°C,



BATURATION OF LIGHT-INDUCED
DEFECT GENERATION

The defeet density over the entire duration of
the LIS and HIS soaking of two samples is shown
in Fig. 1. The sample thickness and optical band
gap of these two samples are 1.7 pm and 1.71 &V
(»3LIL,F} and 1.4 pm and 1.67 ¥V (a-3iH),
respectively. Saturation under HIS illumination is
obvioms. The LIS ssaking alss shows the onset of
saturation. After LIS illumination, the samples
were exposed to the HIS hight for 10 hours. The
additional HIZ lluminetion resmlted in the last
data points on the right side in Fig. 1. Thee two
data polnts lie at the asymptotic valus of the LIS
eurves and are nearly the same as the saturation
valuss in HIS sosking. Therefore, the ssturstion
value B ementially independent of the llumination
intensity for generation rates which differ by a fac-
tor of 80, Furthermore, the duration of illumine-
tion to the onset of the saturation in Fig. 1 is
approximately lnversely proportional to the square
of the earrier generation rate.

The existefite O SATUrAtlon near room Gem-
perature cannot be explained by the model of
Stutzmenn, Jackson, and Tsai [3]. This meodel
predicts saturation only at illumination tempers-
tures above about 100° C, where the saturation
regulta from the bolanee between the Nght indueed
generatlon and the thermal anneallng. Such
saturation value will scale with 1/G%?. Our obser-
vation that the saturation veloes are independent
of G mdicates that the saturagion we observed is
not doe to thermal sanealing.

Both the existence of saturation near room
temperature and the observation that the time to
reach the onset of saturation s approximately pro-
portional to ll.l"'GE can be explained by the model of
Redfleld and Bube [4]. Part of the LIS data (up to
1000 howrs) for a-SiHF sample in Fig. 1 was fitted
to the model with N, = 3 x 10 7em =% {4]; and
indeed, the observed N,,, In Fig. 1 Iz 1.8 x
107 em =, suggesting a good At to the model over
the entire illumination time. In this model, the
BALUFALMNL hedr roOM Termpersture resule [rom a
balance between the light-induced generation and
the annealing of defects. The time constant of

defeet gemeration in this model is proporticonal to
1/GYE, which is 1/G*? using # — 0.45 |5]. Since
saturation could also be reached hechuse precursor
gites are depleted, however, the mere observation of
saturation canoot be used as an evidence of the
light-induced annealing proeess [1].

Fig. 1 shows that the seturetion values Ny vt
lie at ~ 10"7cn—%, In rough agresment with reporis
from other groups [6-8]. In & long-time test of the
saturation on cne sample, we found thet the defect
density N, reached after an initial five hours of
HIS soaking, remained constant within s few per-
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Fig. 1: Semi-log plot of the defect density wersus
the illumination time under low-intensiky (LIS) and
high-intensity [HIS) light soaking, for two sampiles.
The two points on the right side were taken after
10 hours of high-intensity licht-scaking. following
low-intensity oaking.

eenk durlog further lght-soaking up to 832 hours.
Furthermore, N, .. can be annealed back to N g
by holding the samples at 180° C for longer than
five howurs.

CORRELATION OF THE SATURATION
YALUE WITH MACRODSCOPIC
PARAMETERS

MNow thab saturation can be reached within a
few hours of laser light soaking, we can study the
dependence of the saturatlon value on macroscople
parameters in a large number of samples. 'We have
measured 37 2-8i:H {or a-8i:H F) samples from five
different laboratories and attempted to correlate
N, .o with the Taue cptical band gap E... the
Urbach energy E; the annealed-state defect density

, and the hydrogen concentration eyg. Each
sample was light-soaked with the Kr ionm laser
(HIS) for st lenst five hours.

The annealed-state (N, ,..] and the saturated
(M zat) defact densities of these 37 samples are plot-
ted versus the Taue gap in Fig. 2, and vs. the
Urbach energy in Fig. 3. Figure 2 reveals that
M, . rises exponentially from 5 x 10'% to 2 x
1073 az B, inereases from 1.61 to 1.83 &V.
Mo correlation is observed between N, ., and E ..
Fig. 3 reveals no correlation between N, ., and E;
the dip o Mg ab By — B0 meV is alsc 2een in a
plot of Egp versus E, suggesting that it is due to
the dependence of N, on E,;, shown in Fig. 2.
Flg. 3 also shows an exponential rise of N, 5, with
increasing E.; this observation agrees with the
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Fig. 2: Semi-log plot of the saturated light-induced

defect density N, .. and the annealed-state defeet
density Ng,,, versus the Taue optical band gap
Eopt» The s0lid line is the linear regression.

equillbrium theory of the dangling-bond density
[0]. The results of Figs. 2 and 3 sugeest no mrrela-
tion between Nyg and Nyg,. We made |east-
square fits to the data with the approximation
lﬂE[N {or N ml] = A + B[E,, (V) - L.7] +

‘[:Bﬂ 50|, where A, B and C are constants.
T]:IEHE fits ‘lndinnte that the term C[E, {meV) - 50|
{or B[E,;, (V) - L7]} is not important for N, .,
I{I:Lr Nﬂ,ﬂml respectively), in agreement with the
results of Figs. 2 and 3. The fits therefore yield
the following empirical relations:

oa[Nysafern™)] 217 + 81 Eqpu(V}-17], (1)

log[N, o {em ™) =2 156 + D.044[E (meV)—50](2)
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Fig. 3: Semi-log plot of the saturated light-induced
defect denmsity N, ., and the annealed-state defect
density N versus the Urbach energy E;. The
soltd Ilne [S the linear regression,

in the ranges of E . and E, of this study. The
equilibriim  theary [A] gives oW, . (om %)) ==

15.9 + 0.080 [E, {meV] - 50] around E, = 50 meV.
The least-aquare fits are shown as solid lines in
Figs. 2 and 3.

A= mentioned sarller, the Hght-induced defeet
demsily may saturate elther because of 3 balance
between generation and sanpealing in 2 steady-
state, or because of the depletion of comvertible
sites. Here, we restrict our discussion to saturstion

due ioc the depletion of convertible sites, A widely
dited model of the Nght-induced defest genarstion

invelves the breaking of a weak 5i-Si bond by the
recombination of photogenerated earriers, and sub-
sequent stabilization of the broken bond by hydro-
gen bond switching [3,10). Following this model,
ihe Important material parameters 1nfluencing the



number of convertible slies are the denslty of weal
bonds, the recombination energy, and the total
hydrogen content cg. The recombination energy is
relevant because a ligher recombination energy
could break more bonds [11). The density of wesk
bonds, which constitete the walsnee band tail
states, is directly related to E,. The recombination
energy scales with E; |12|. ox and E,, are corre-
lated, rs shown in Fig. 4 for the 24 samples whosa
hydrogen content we know. Fig. 4 alzo reveals a
correlation between N, ... and ey [13], which is con-
sistent with the sorrelation obsarvred betwean N‘m
and Egp In Flg. 2. If the effect of the weak bond
density on N, dominstes ameng the three
parameters, . ¢lose correlation between N:,ﬂ. and
E, 15 expected. Our tesults do not show such a
correlation, but instead one between N, ., and
{Fis 'ﬂ] and ancther between -N-ﬁ.ﬁ“ snd o [Fis. 41
comaistent with the reported correlations between
degradation rate and the optical bandgap as well
as the hydrogen content [11,'_I'='-1]. Our observation
suggests that the effect of the weak bond density is
oot dominant, at least for the samples we stodied,
with E, less than 66 meV. The correlation
between ¢y and E., makes It difffenit to distin-
guizh between the effects of these two parameters,

CONCLUSION

We saturated the lght-induced generation of
defects in a~-Si:H{F] by a few hours of illumination
with Kr lon laser light scaking (A = 847.1 nm)
near room temperature. The tlooe fr roach satww
tion scales roughly with 1/G%, but the saturation
value iz essentially independent of the Jllumination
intenalty. Therefore, the saturation s not due to
thermal annealing. We measured the satvration
values af the light-indneed defert density in 37 a-
S1H(F) samples which bad been grown in six
different reactors over & range of conditions. These
a-3i:H{F ) sample= havs annealed-state defect densi-
ties in the range of 1.1 x 1015 - 1.8 x 10'%m3,
Urbach energies of 42-62 meV, and Tauc optical
band gaps of 1.61 to 1.83 eV. The saturation
value rises from 5 x 10" t0 2 x 10em™? with
increasing optical gap and total hydrogen comtent,
but is not correlated with the Urbach energy or
with the annealed-state defect density.
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