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Dielectric response and its light-induced change in undoped-Si:H films below 13 MHz
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The low frequency €13 MHz) dielectric response and its light-induced change in und@p&itH were
investigated in detail. The dielectric constantthe real patin this range decreases with illumination time,
following a stretched exponential law similar to that found for other light-induced changes. The saturation
relative change was about 0.1-0.2 % for the measured samples. The change is fading away either after
repeated illumination-annealing training or by aging at room temperature. The present results indicate some
rearrangement of the whole Si network caused by light soakB@163-182@08)07604-9

I. INTRODUCTION A=(cnmw0)/27re*2, )

The light-induced degradation o&-Si:H [Staebler-

. _ wherec is the speed of lightn the refractive indexm the
Wronski effect(SWE)] (Ref. 1) has been drawing much at- o ,ced mass, and, the angular frequency of the mode.
tention since its discovery because it makes a big obstacl '

€enerally, parametek depends on the local-field effect, the
toward a fruitful application of the material on one hand, and y: P pends ! :

. ) . o screening of the-Si network, and the dipole moment of the
the effect involves interesting physics ina metastable SYSte8; 1y honds. In a simplified model all of these factors can be
on the other_. One_c_)f the key problems is whet_her the effecFelated to an effective dielectric constant by a modifica-
asks for an instability of the whole system, or it only needstion of expression2) (Ref. 10

some rearrangement of individual bonds, as proposed by

most earlier model&:° There is now increasing data show- (1428 ,,) ()12
ing that the mechanism of SWE is not so simple as was = > 3)
thought earlier. A nuclear magnetic resonance experitent 9en,

shows that most of the hydrogen takes part in the light- . . .

induced enhancement of local motion. A direct evidence of Usually, em is equated to the dielectric constant of the
the light-induced increase of Si-H boridsas been given by pure Sl network. Tr_ns is an acceptable apprOX{matlon when
tracing the change of Si-H stretching mode at 2000 &m the Si-H bon_d density is not Ia_rge or cluster_lng_ls not impor-
The result was questioned by H. Fritzséheho argued that tant. Other\/\_/lsegm should also include cor_1tr|bl_Jt|ons of Sl-l-_|
the change was caused rather by a structural change than B§nds. So, it would not be a bad approximation by equating
the increase of Si-H bond number. Indeed, there are sonfen 10 the total dielectric constant of the a-Si:H film.
indications of such a structural charig@herefore, it would ~ 1herefore, the measurements ofshould shed light on the
be interesting to look for some more direct evidence of theduestion of possible light-induced structural change. ,
possible structural change and to see if the structural change UP t0 now, almost all of the measurements of dielectric
alone can account for the light-induced increase of the abf€SPonse were done by using the optical ellipsometric
sorption at the Si-H 2000 cnt stretching mode observed in Method- While the method has many advantages, the re-

Ref. 7. sults are sensitive to the surface condition of samples and the
The absorption of the Si-H vibration modes can be ex-2ccuracy is not expec'ted to bg able to trace the possible
pressed by subtle change ot by light soaking. Low-frequency mea-
surements were made by many authérSbut most of these
o N measurements were devoted either to the space charge effect
f ;dw: N Q) at the metal-semiconductor interface without taking notice

on the dielectric response in the bulk, or only to the
where « is the absorption coefficien is the number of frequency-dependent loss of the matetfal.
Si-H bonds, andA varies as the inverse of the oscillator  The present work reports the detailed investigation of the
strength and is related &, the effective charge of the Si-H low-frequency dielectric constant of undopasi:H as well
dipole via the relatiotf as its light-induced change. The paper is organized as fol-
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lows. After a description of experimental procedure in Secnot contribute appreciable resistance to the structure. The
I, we will give the low-frequency dielectric constastfrom  sample finally forms a SngIn*/i/SiO, /Al configuration.
our measurements in Sec. lll. In Sec. IV, we will show the A sample without the SiQ layer was simultaneously
light-induced change of and discuss the results in connec- made for dc measurements. The results show that the activa-
tion with the observation of the light-induced change in Si-Htign energy is 0.68 eV for the sample in the annealed state
absorption. The paper will be ended with a brief summary. (stateA), and increases to 0.77 eV after light soakistate
B). The dark conductivity at room temperature is 280 nS in
Il. EXPERIMENTAL stateA and decreases to 30.0 nS for stBte
In order that the bulk property dominates, the films should
There are two main obstacles in getting reliable data obe as thick as possible. The thickness, however, is limited by
the low-frequency dielectric response of dipoles and bounghe growth condition as well as by the depth of the effective
electrons in a semiconductor: the contribution of conductionight soaking if we want to investigate the light-induced
electrons in the conduction band and at the Fermi level, andhange_ The thicknesses of the samples were chosen to be
the interference of space charge at the interfaces. A simplg—10u.m. Since the accurate information of the thickness is
estimation as well as experimental results show that the conmportant in deducing of the material, we have made care-
tribution of conduction electrons is not a serious problem forful measurements for each sample. For the sample that we
undopeda-Si:H at room temperature. So great care shoulthave studied in detail and whose results will be shown be-
be taken to subtract the space charge effect, starting from thew, the average thickness is 8/m. This is obtained by
sample preparation. measuring the thicknesses in many different places of the
Glass substrates covered with Sn@ an indium and tin - sample, using the Dektek Il profimeter. The results show
oxides(ITO) transparent conducting layer were used in ordelsome thickness fluctuation of about0.2 um. Taking an
to investigate the light-induced change. To make a gooGrithmetic average of the thicknesses, we estimate that it
Ohmic contact, a thiriseveral hundred angstrgm™ layer  prings an uncertainty of less than2.4% in calculating the
was deposited first. The undopeeSi:H film was then de- absolute dielectric constant of the sample. This uncertainty
posited by the standard plasma-enhanced chemical-vapagioes not influence the investigation of the change ahder
deposition method described in Ref. 7. To decrease the effegiposure to light.
of the contact barrier and to avoid any possible leakage, a The measurements of optical index show that there is at
thin layer of SiQ was then deposited before making the most several percent difference between crystalline Si and
upper Al electrode. The SiQayer was proved very useful in  a-Sj:H.!® Therefore, we can only expect a very small change
filling up pinholes and preventing possible leakage, yet it didof ¢ by light soaking, if any. To trace this subtle change, the
sample was put in a thermostat whose temperature was al-
14 ways kept at 297 K by a computer to within 5 mK. Since our
12l_ —  _State A results give a temperature coefficient of less than®1Q 1,
....... Light-soaked 0.5 hr. the thermostat eliminates any drift ef from temperature
10F 28 hrs fluctuation to less than I0.
126 hrs The frequency-dependent capacitance and conductance
o  State PA were measured by a HP4192A LF impedance analyzer from
5 Hz to 13 MHz in a four-lead configuration. The measuring
signal level across the sample was kept at 100 mV in all
measurements without dc bias on. The nominal accuracy of
the instrument is 0.15%, but the stability of the readings is
much better, allowing us to track a small change with repro-
ducible results. The reliability of the measurements was
checked by a precision air-spaced capacitor of 548 pF and a

Capacitance (nF)

10.2; — State A mica capacitor of 1.47 nF. The capacitance of the former is
Eoeeee Light-soaked 0.5 hr. strictly frequency independent and is ideal for checking the
103 - 28 hrs transfer function, while the mica capacitor had a capacitance
%) Foroerme 126 hrs very close to the value of our sample and the test was essen-
g 104E ool State PA tially a measurement of the dielectric response of mica. For
8 10 st both capacitors the readings were fairly flat up to 1 MHz, but
é y bending somewhat upward above3 MHz. It turned out
§ that the readings in this frequency range were sensitive to the

contacts as well as the layout of the measurement circuit.
However, this small uncertainty does not influence the re-
sults presented here that are drawn basically from the data
104 10°  10° 107 between 16 and 16 Hz. Since we were interested in the
possible light-induced change of the sample dielectric con-
stant, the reproducibility of the measurements was of vital
FIG. 1. Capacitanc€ and conductancé of sample 1 for dif- importance. This was checked by measuring the frequency
ferent light-soaking time. Stat is the initial annealed state; State dependence of the sample’s capacitance at least five
PA the postannealed state. times for every state, and each data point represented an

10" 10%2  10°
Frequency (Hz)
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average of 10 readings. The results show that diversity bea strong frequency-dependent behavior, which is obviously
tween different curves was at most less than 0.1 pF, i.e., @aused by the space charge effect at the interfaces. A rapid
relative uncertainty of X 10 °. The data were also checked increase ofG and a decrease o are also found above
by a more accurate LCR meter HP4284 below 1 MHz, con-—~100 kHz, which most likely originates from the effect of
firming the reliability of the results. contact resistance as we shall see later.

The light soaking was carried out by illuminating the
sample with white light of 200 mW/cfa After successive

illumination for several times, the sample was annealed at A The space charge effect at the low frequency end

200°C in vacuum for one hour to see if the light-induced

change is reversible.

Ill. DIELECTRIC RESPONSE
OF A-Si:H BELOW 13 MHZ

The capacitance&C and conductancé& for one of the
a-Si:H samples is shown in Fig. 1. Below1 kHz there is

First we will discuss the contribution of space charge ef-
fect, using the equivalent circuit shown in Fig!2Cg and
Rg are the capacitance and resistance of the bulk sample, and
C, and R, correspond to the values in the space charge re-
gion. It is easy to see that the measured capacitance and
conductance are expressed by

G3C,+G2Cg+ w?C Cg(C,+Cp)

(GB+ G|)2+ wZ(C|+CB)2

G (G +Gg)(G,Gg— w?C,Cg) + w?(C,+Cp)(C,Gg+CzG))

: 4

(Gg+G))?+ w*(C+Cp)?

®

where w=27f is the angular frequency of the measuring The activation energ{, is about 0.68 eV for our samples.

signal. G=R; ! and Gg=Rgz'. C, dominates when

wCg<Gg, i.e., when the bulk behaves as “resistive.” This

is so especially at very low frequencies becaGseoughly
follows®

Cc,=C 1+LnL - (6)

! 0 (Ec_ Ew) - Ea ’
whereCy=¢/Ly=+/qeNg, Lg is the Debye lengthN, the
state density at Fermi energy, the built-in potential E . the
lowest energy of the conduction barigl, the cutoff energy,
and E,=E.— E; the activation energy. Whea increases,
C, approache€g. We can estimate the cutoff frequeney
where the space charge effect vanishes. According t¢@tg.
w, is determined by

Ea=kTLn( ) (7)
c70
C Cy
| | | |
I I
— I
R, R

7o, the relaxation time of electrons, should have a very broad
distribution. By taking a value at the short end, e.g.; 0
sec’® we find f.= w /27~200 Hz. We cannot rely too much
on this simple model. Fortunately, since the thickness of the
sample is 8.5um, while the space charge region spans at
most 0.2-0.3 um,*? the small uncertainty itC, can be ne-
glected whenw increases to a value whewCg>Gg. For
example, from Fig. 1 we see thatCg~10 °S at 10 kHz,
but Gg is only ~2x10°° S at the frequency. Using expres-
sion (4), a simple calculation shows that an uncertainty of
1% in C, leads to an uncertainty i@ of less than 0.01%.
Therefore, we are very safe to deduce the low-frequency
dielectric response &-Si:H when we refer to the data in the
frequency range higher than, say,*1z.

B. Results at the high-frequency end

Now let us turn to the results in the high-frequency end.
We see a rapid increase Gf accompanied by a correspond-
ing decrease of (Fig. 1). The frequency-dependent conduc-
tivity in amorphous semiconductors has been investigated a
great deal**"~19The frequency dependence is generally as-
cribed to the response to an applied ac field of electron states
deep within the principal energy gap in the region of the
Fermi level. It takes the formd*®

Ga=aw®, (8)

FIG. 2. Equivalent circuit for a sandwich sample with a barrier Wherea is a constant, the exponesitisually less than unity
layer; C, and R, are the capacitance and resistance of the spactOr most amorphous semiconductors. When we plot Gur
charge regionCy andRg the capacitance and resistance of the bulkdata in log-log scale according to E@), we find the expo-

sample.

nent in our case is around 2 whép-100 kHz. Lond® ar-
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gued that the term is very likely caused by contact resistance N a
Rongl. Indeed, ifRy is small but still cannot be neglected, 1.0000
i.e., Go>Gg, the measured conductanGg, takes the form
2hrs
202 e
G 0°Cg 0.9995 | State PA
_° Go pt
Gm wZCé (9) .....................................................
G2 0.9990 F~
&
Gy also Iead.s to an appargnt.frequency dependence of mea- 80 85 % % 100
sured capacitance;,,. Again, in the case 06y>Gg, Frequency (kHz)
-0.02} b
C
Cr=—z (10 g
w°Cg -0.04} '
G(Z) g °© t=4.3hrs
< -0.06| p= %5 .
_— S _- 0,
We see thaG, results in an apparent frequency dependence “3 (e™e7)fe" =- 0.1%
of C,,, especially at the high-frequency end, in accordance ~ -0.08}
with what we observedFig. 1). From Eq.(10) we get
0.10F
23 e
Ca~C,+ ®Cn (11) 0 20 40 60 80 100 120 140
m il
g Light-soaking time (hrs)
where we neglected higher orders i6,, assuming FIG. 3. (a) The relative dielectric constaats” between 80 and

wszn/Gg<l. Since we are interested @, which reflects 100 kHz for stateA and different light-soaking times” is the
the bulk property of the sample, we should recover its tryevalue in ste_tteA. The curve state PA represents the” data after
value from the measured dat,,. This can be done by posta_nneall_ng fiol h at 2(/10°C(b) L|ght-|nduce_d decr_ease of r(_ala_
fitting the G,, andC,, data with Eqs(9)—(11). However, the t!ve dlelectrl_c_constam/s_ at 1¢ Hz as a function _of light-soaking
simple treatment was proved to be satisfactory only below Me: T.he f|tt|qg curve is according to Eql4) with parameters
~1 MHz. Therefore, considering the space charge effect a%hown in the figure.
the low-frequency end and thg, effect at high-frequency
end, we restrict ourselves in the region of*2QC® Hz in
estimating the contribution 8 from the gap states near the
Fermi level,C,.. Using the Kramers-Kraning transform, we  As we mentioned in the beginning of the paper, the most
may get® interesting question is the possible light-induced structural
change, which may leave its fingerprint on the dielectric con-
Cac=G—a°tar<s—7T

w 2

IV. LIGHT-INDUCED CHANGE
OF DIELECTRIC CONSTANT &

s stante.
=aw5_1tal’< 7) (12 Altogether five samples deposited in the same run have
been measured. Among them, four samples did show some
wherea ands can be obtained by fitting theg data to the light-induced change ia. The typical result is shown in Fig.
equation 3. We see that decreases with illumination timéig. 3@)].
The decrease of approximately follows a stretched expo-
) nential rule[Fig. 3b)]. The exponential rule can be ex-

s
Cg=C.+Co=C.+ aws—ltar< | (13)  pressed as

. . . . . . _ oA S_ A B
where C,, is the nondispersive contribution due to high- e"e _¢7¢ [1—ex;{—(£)
frequency atomic and dipolar vibrational transitions. For the e A T
data shown in Fig. 1, the best-fitting parameters are
Go=0.06 S,s=0.54, anda=2.24x 10 1% Although this is wheres” is thee value in stateA ande® is the saturation
only a very rough estimation limited by the data accuracy, itvalue in stateB. For the data shown in Fig. 3 we get
does show at least above, séy; 10° sec ; C,.is negligi- =4.3 h and8=0.5. The saturatece(*—&>/¢”)~0.1%. An-
bly small in comparison wittC,,. Thus, we conclude that nealing at 200 °C fol h can reverse the greater part of the
the dominant contribution t€,, around 18 Hz comes from change[see Fig. 8)].
dipoles and the polarization of the Si network. The experi- A very interesting phenomenon was that the light-induced
mental data lead to a dielectric constant13.5, about 15% decrease ine weakened when we measured one of the
larger than the optical value. To our knowledge, this is thesamples(3) again a week later. Although the light-induced
first report about the low-frequeney of a-Si:H. decrease of was still there, the saturated relative change of

] , (14)
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long as the effect in the low-frequency range exists, in con-
1.0000 e trast to what we have found here. Thus, the present measure-
: ' o ments give strong support to a light-induced structural
oo T Dehesoaked 05 hr. change of the whole Si network. The structural relaxation for
L] T 3 hrs a relatively long period or by illumination-annealing training
_ 5 can make the network cd-Si:H more stable, which may
<w0'9995 £ B 48 hrs weaken the light-induced rearrangement of &8i:H net-
® g 8 work, which was why the light-induced change dncould
g 6| not be detected for the long-term reserved samples. As for
S 4y the second question, regarding whetherdhehange is large
09990  2p enough to account for the light-induced increase of the Si-H
7 bond absorptiorw, a simple estimation shows that tle
. Freavenoy () . change is far from enough to give a change observed in Ref.
85 90 95 100 7. From Eqgs(1) and(3), we have
Frequency (kHz)
FIG. 4. The relative dielectric constasts” of sample 4 in the adw  Ng QS%NS
frequency range of 80—-100 kHz for stafe and different light- G= | T T A T L. 2. (15
soaking time. The sample was measured after putting it on the shelf @ (1+2em)ey

for six months. whereq; is the integrated absorption of the Si-H bonds. As-

suming that the light-induced changedafis only caused by
e decreased to 0.07%, in contrast to the value of 0.14%he change oA or ¢,,, then, by differentiation15), we get
obtained in first measurement. When we measured the
sample for the third time six months later, the light-induced

change was gone. To check if the phenomenon was only a %_ d_A_ dem 3 ds_m 16
fortuity, we remeasured another o of the four samples. o A \14+2e, 2] en (16
Again, thee change disappeared for this sample, though the

change in space charge effect by illumination still existe .

(Fig. %). Therl? we took %ne samp(g), which was not mea- dTak|ngsm~s= 13.5, Eq.(16) becomes

sured before but was put on the shelf for ten months. This

time we did not find any light-induced changesirwithin the da de

resolution of our measurements (1. These experiments a—i'w—o_43?_ (17)

show that the light-induced change éncan be faded away
either by repeated illumination-annealing training or by the

aging effect. _ ) The measurements in Ref. 7 give a total increaséaf «;

Two questions then arise. Does thechange observed s |arge as 1%. To account for this change, we need a de-
here reflect a structural change of the Si network, or is itorease ine of about 2.3%, more than an order larger than the
simply caused by some local change of electron states, rgupyrated s change observed in present measurements.
sulting in a change o€,¢? If the e change does come from Therefore, the light-induced enhancement of Si-H absorption
fche strugtural change,_ is it enough to account for the lightt 53 2000 crit peak could be closely related to some struc-
induced increase of Si-H bond absorption at 2000 tmb- 4| change, accompanied by an increase in the Si-H bond
served in Ref. 77 _ o number, but it is unlikely that it is caused merely by a

It would be easy to answer the first question if we knewstrycture-related change of the effective dielectric constant.
exactly how largeC, is and how it changes with illumina- Recently, a model was proposed that explained the light-
tion. As mentioned in Sec. IlIC, is negligibly small in induced increase of absorption at 2000 ¢nby the transfor-
comparison WithCr, . In fact, Ccis of the order of~1 pFat  mation of some monohydrides precipitating in hydrogen-rich
f=10" Hz, that is,~0.1% ofC,. Unfortunately, it is much  ¢justers into isolated Si-H bond& Similar to some earlier
more difficult to determine the light-induced change@f,  models, the model proposed in Ref. 20 is essentially also
because of the limited accuracy of the experimental datayased on a change of some individual bonds instead of the
Nevertheless, there are reasons in favor of a structurgyhole network. It is not clear if such interchange between
change. First, our experiments and previous Woshow islated and clustered Si-H bonds can account for the light-

that G, increases with illumination, though in our case thejnduced change of found here as well as its fading away
changes were not so large as to give a functional depenyith elapsed time of samples.

dence. The increase @ . with illumination is reasonable,
considering the possible increase of gap states near the Fermi
level by light soaking. Therefore, theechange observed here

is in the direction opposite to what should be expected from We have measured the low-frequency dielectric constant
the change ofC,.. Secondly, because the light-induced ¢ of undopeda-Si:H films and traced its change with light-
change in space-charge-related capacitance is directly relatsdaking. Careful analysis of the data leadsete 13.5, a

to the electron states in the material, if fhhehange is caused value substantially larger than the optical one. This is not
by the change of electron states, it should be observed agwusual as the optical measurements only feel the response

V. CONCLUDING REMARKS
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of electrons. As is shown in Sec. Ill, electrons in deep statesur results confirm a light-induced structural change, the lat-

near the Fermi level only contribute a very small partof ter does not lead to a change dnthat is large enough to
Our measurements of dielectric constanas a function account for the light-induced increase in Si-H bond absorp-

of light-soaking time show that the light-induced structuraltion at 2000 cm*.

change does exist @-Si:H films. The process is stronger for

freshly made s_amples. The ghange_ i_s fading away (_either by ACKNOWLEDGMENTS

repeated illumination-annealing training, or by putting the
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