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Long-range disorder and the Staebler-Wronski effect inN-type amorphous silicon
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Experimental measurements of tigefunction (a comparison of the dark conductivity and thermopower
activation energigsas a function of light exposure are reported for a varietyn-tfpe-doped hydrogenated
amorphous silicon films. The samples studied represent a wide range of deposition conditions, including
variations of the deposition temperature, the rf power during deposition, and the doping ratio of phosphorus to
silicon. TheQ function of these films is measured before and after light-induced defect creation. No significant
change in the& function was observed after light-induced defect creation for any of these samples, consistent
with no light-induced change in the long-range disorder at the conduction-band mobility edge. Measurements
of the non-Gaussian statistics which characterize the conductance fluctuatibmoigl are also found to
remain unchanged following light exposure.
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[. INTRODUCTION function and non-Gaussian statistics which characterize the
current fluctuations (/noise.
A major obstacle which inhibita-Si:H from fulfilling its The long-range disorder, arising from either composi-

technological potential is the increase in defect density foltional morphology or potential fluctuations, is believed to be
lowing light exposure, termed the Staebler-Wronski effectresponsible for the difference in the value of the activation
(SWB), which is accompanied by a decrease in the semicorenergy(defined as the conduction band enekgyminus the
ductor’s dark and photoconductance and is reversible upofiermi energyEe) obtained from measurements of the dark
annealing above 150 °C. Since its first observation in £977 conductivity E,) when compared to the same quantity mea-
there has been extensive research aimed at elucidating t§ered by the thermoelectric poweEd) or thermopowef.In
microscopic origin of light-induced defect creation. The gen-2-Si*H, E, has been observed to be as much as 100-300
erally accepted model for the SWE involves photoexcited®V 1arger thanEs. A convenient means with which to
electron-hole pairs which break strained Si-Si bdnadsd ~Ccompare these two measurements is@henction proposed
form new dangling bond defects upon recombinafion. by Overhof and Beyef,
Nearby hydrogen may then form a Si-H bond with one of the e E
newly created dangling bond states, leaving one dangling sz—|s|+|n[g (Q cm)]on—ﬁ, (1)
bond on the neighboring silicon atom and one at the original B b
ppsitipn of the bonded hydrogen atom. Sybsequent hydrogewhereEQ is defined ask,—EJ). In a-Si:H the magnitude
diffusion can further separate the dangling bond pair. It reof £, has been interpreted as a measure of the magnitude of
mains to be determined if the SW@&nd the corresponding  the ong-range disord®f andEq, is expected to increase as
decrease in conductivityresults from only changes in the the electronic quality of a sample degradas reflected in a
local Si-Si bonding structure or whether Changes in the |0ng|'ower dark Conductivity and h|gher dang"ng bond defect
range disorder of the mobility edge are also involved. density. Previous work has shown th&, increases when
The long-range disorder at the mobility edgeafSi:H  the deposition conditions under which theSi:H films are
results both from the nonuniform distribution of bonded hy-grown are varied, leading to higher hydrogen content and
drogen as well as potential fluctuations caused by randomljower electronic quality.An increase irEq in n-type-doped
located charged defects. The hydrogen microstructure, alongrSi:H following light exposure would indicate a shift of the
with any impurity atoms, will result in spatial variations of conduction band to higher energies, providing asymmetrical
the band gap throughout the amorphous material, as will thehifts in E,, andEg. Given the technological importance of
Coulombic potential fluctuations caused by charged doparthe SWE and the single prior report of the influence of light
atoms and oppositely charged dangling bonds. These fluctuaeaking on th&) function on onen-type-dopeda- Si:H film,®
tions of the mobility edge occur on length scales~af0— investigation of the broad range of samples described here is
100 nm, based upon estimates of the hydrogen microvoigustified in order to resolve the question of whether the long-
density and the average number of charged dopants and daiange disorder is sensitive to light-induced defect creation.
gling bonds in moderately doped Si:H. Since the inelastic Another electronic measurement which has been inter-
scattering length im-Si:H is on the order of-0.5-1.0 nm at  preted as reflecting the influence of long-range disorder in
room temperatur, conventional transport measurementsa-Si:H is the non-Gaussian statistics characterizing the con-
cannot be directly used to measure disorder on longer lengttiuctance fluctuations.*? Previous noise measurements on
scales. Here we examine two experimental techniques whica-Si:H films have found that the coplanar current fluctua-
have been interpreted as being sensitive to the long-rangens have a spectral density which is well described byfa 1/
disorder of amorphous silicon: measurements of e frequency dependence for frequencfem the range ¥ f
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<1000 Hz. Moreover, analysis of the non-Gaussian statisticc 2 1 . 7
of the 1f noise suggests the presence of cooperative inter-_ |
actions between the fluctuators. Increasing the structural dis"g M
order of the a-SitH film by varying the deposition g 5. T
conditions** decreases the correlations of the noise power, z s Lo @
consistent with the suggestion that the non-Gaussidn 1/ £ o
noise is sensitive to long-range disorder. 3 °© 1o
‘33 4 +-12
=4
Il. EXPERIMENTAL TECHNIQUES 3 1413
In this study a number oh-type samples ofa-Si:H -5 : ; ‘ : ‘ -14
(doped with phosphorlisvere measured before and after il- 25 27 29 31 33 35 37
lumination(or “light soaking”). The films studied here were 1/kgT (1/eV)

synthesized under a range of deposition conditions in order
to vary the hydrogen microstructure contained within the FIG. 1. Arhennius plot of the conductivitisquaresand linear
films, an increase of which has been experimentally correplot of the .ther.mopowecturcles agajnst inverse temperature for an
lated with an increase in the film's long-range disorder, tyPea-SiH film in state A deposited at 80 °C.
Films for which the deposition temperature, rf power, and
ratio of the dopant to silicon have been systematically variednents of both the conductivity and thermopower are made
are examined here. The samples were all deposited at thser the temperature range of 50—180 °C, and the resulting
University of Minnesota in a capacitively coupled(3.56  plots of Ino or S against inverse temperature are used to
MHz) system using plasma-enhanced chemical vapor depetetermine the activation energi&, and Eg, respectively.
sition (PECVD) of silane (SiH) and phosphine (P§) for  To measure a sample in state B, the film is first annealed into
n-type doping. The samples were deposited onto Corningtate A and then illuminated at 50 °C prior to any measure-
7059 glass substrates and chromium electrodes, approxnents. Thea-Si:H then equilibrates in the dark for approxi-
mately 500 A thick, are deposited onto the silicon films in mately 1.5-2 h in order to allow the conductivity to stabilize.
order to make Ohmic electrical contact to the semiconductowhen conductivity or voltage measurements are made, at
Both the dark conductivity and thermopower are meadeast 100 readings are taken at any given temperature and
sured in an electrically shielded vacuum chamber (pressurgen averaged in order to eliminate the effects of minor tem-
<100 mTorr). The sample is mounted across two heate@erature fluctuations.
copper blocks, with the 4-mm gap between the blocks Current noise measurements were performed in a shielded
aligned with the inside edges of the chromium electrodesvacuum chamber in which the sample temperature is con-
The temperature of each of the two blockated by bullet trolled by means of a heated copper block. A constant volt-
heaters can be controlled independently by means of anage(provided by batterigss applied, and the fluctuations in
Omega CN3000 dual-channel temperature controller, allowthe dc current passing through the film are amplified by an
ing a temperature gradient to be applied acrossatt®i:H  Ithaco 564 current preamplifier and Fourier transformed us-
film. The temperature is measured with type-T thermo-ing an HP 3561A spectrum analyzer. Details of thierigdise
couples which are attached to the edge of the chromium elegneasurements have been described previd@sly.
trodes using silver paint. Two electrical leads, attached to the
opposite end of the sample as the thermocou(@k® using
silver pain}, are used for measurements of both the conduc- . RESULTS
tivity and of the voltage differencéor thermopower mea-
surements Measurements of the voltage difference are All the samples examined here were measured in both
made with the aid of a Keithley 617 programmable electrom-states A and B, following a light exposure 224 h. Each of
eter, which is switched to resistance mode for the conductivthese films displayed a SWE, reflected in shifts in bBth
ity measurements. A scratch made across the sample usinggadEg following illumination, which was reversed upon an-
diamond scribe electrically insulates the sections of the filmnealing. A series of films synthesized at different deposition
used for temperature and voltag® conductivity measure- temperaturegranging from 80 to 250 °Dwith an rf power of
ments. Further details of this measurement system can &W and a doping ratio of PH;]/[ SiH,]=4x10"* is de-
found elsewheré&? scribed first. Figure 1 shows a plot of the temperature depen-
Prior to any measurements, a sample is annealed aence of the conductivity and thermopower in the annealed
180 °C for at leats1 h in order to remove any surface absor- state A for ann-type a-Si:H film deposited at 80 °C. It is
bates(such as water vappftRef. 15 or the effects of previ- apparent from Fig. 1 that the slope of the conductivity curve
ous light exposuresThe sample is then cooled to 50 °C at a (that is, E,;) is greater than that of the thermopower data
controlled rate of one degree per minute. The state of théEs). The temperature dependence of @éunction for this
sample before light exposure is referred to as state A, whilsame sample is shown in Fig. 2 for both states A and B.
the condition following light exposure is defined as state B.While this film exhibits a small but clear increase in the
lllumination is performed with~100 mW/cnf of heat- conductivity and thermopower activation energigsandEg
filtered white light from a tungsten-halogen lamp. Measure<ollowing light exposure, there is no corresponding change in
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2 Figure 3 also shows the values®E,, andAE, for films
deposited at 250 °C with rf powers of 1 and 10 W, with the
1 same doping level as the temperature deposition series. No
g change inEg, is observed for the 1 W film, while its value of
g E, changed from 0.12 to 0.22 eV after light exposure Bgd
S0 555. changed from 0.04 to 0.14 eV. Similarly, the 10 W film ex-
g 55!; hibits no significant change i, from state A to state B. An
-1 555 a-Si:H film with a higher doping level of PH;]/[ SiH,]=4
) %10 % was also examineddeposited at 250 °C with an rf
2 ‘ ‘ , Y , power of 3 W; its values ofAE, andAEq are included in
o5 27 29 31 33 35 37 Fig. 3. Measurements of this sample show that increasing the

doping ratio by a factor of 10 does not lead to any significant
shift in Eq following light exposure. Figure 3 also indicates
FIG. 2. Plot of theQ function against inverse temperature for that as the elec'tronlc qual'ty of thee-Si:H f'lm decreases,
the sample deposited at 80 tEig. 1) in state A(solid squaresand  reflected by an increasingg value, the relative SWthat
state B(open circles is, the AE,) also decreases, consistent with higher defect
densities in state A for poorer quality materials.
the value ofEq, consistent with a negligible change in the  All of the films studied here were examined in a state B
sample’s long-range disorder. produced by~24 h of light exposure. However, it is possible
The other films in the temperature deposition sef@s  that this period of illumination may not be sufficient to pro-
posited at 100, 150, and 250°C at an rf power of 3 W duce a detectable shift ifg. Hauschildt, Fuhs, and Mell
displayla similarly _unchangeEQ following illumination, as  reported a change ifEq in a 104 [PH;]/[ SiH,]-doped
shown in Fig. 3. Figure 3 plots the change in the dark cony_sij:H film after 60 h of illuminatiorf We have therefore
ductivity activation energy following light exposurdE,)  also measured th® function for ana-Si:H film deposited at
along with AEq (AEs is omitted for clarity against the 250°C at an rf power of 3 W with a doping ratio of
film’s value of Eq in state A for all of the samples investi- [pH,]/[SiH,]=4x10"* after light exposures of 1, 24, 100,
gated in this study. HeraE is defined as the activation and 340 h. This sample was chosen since it displayed one of
energy difference between its value in state B and in state fne |argest Staebler-Wronski effects after a 24-h light expo-
(EState B_Estate A - All of these films exhibit a clear shift in  syre The correspondingEq (EZ*©8-E¥%*4 values for
E, (and Eg), which is reversible upon annealing, but no this film for light exposures of 1, 24, 100, and 340 h are 0.02,
significant shift inEq . An increase in the magnitude of the 0,03, 0.02, and 0.03 eV, respectively. It is clear that even a
activation energy valueg,, andEs is observed as the tem- |ight soak of over 300 h does not produce a noticeable shift
perature of deposition is decreased, wilile, remains neg-  in g, even though such an illumination results in a signifi-
ligible for all films in both states A and B. cant SWE as reflected by a decrease in the dark conductivity.
Consequently, even if a longer light exposure were to pro-

1/ksT (1/eV)

0.1 E o duce a shift irEq, it is clear that any corresponding increase
> AS—H A in the long-range disorder cannot be the dominant mecha-
s 0129 o nism for the metastable degradation in the conductivity and
& bA thermopower observed in the SWE.

& 0081 Studies of 1f noisé? and random telegraph switching

é’ 0.04 0 . n.oisel.6 in a-Si:H have been interpr_eted as reflecting qu_ctua—
s AEa—x % tions in [nhomoggneous current filaments whose resistance
= X varies with both time and temperature. These current mea-
% 0 XX surements may arise through the medium- and long-range
< disorder present due to compositional microstructure and po-

0.04 ' ‘ ‘ ‘ tential fluctuations. Fan and Kakalios suggested that these

0 0.05 0.1 0.15 0.2 0.25 0.3

filaments interact through correlated hydrogen motion, medi-
Eq for State A (eV) ated by the silicon strain field€. These interactions are re-
flected in the non-Gaussian noise of theSi:H, with an
and Q function with respect to th&, value in state A. The solid increase in the filament interaction !eading t(_) an increase in
symbols are the values &E_ for the films in the temperature the slope of th? second spectra. An Increase in the long-range
deposition series described in the text. The square, triangle, circiglisorder ofa-Si:H would weaken these interactions, for then
and diamond represent the 250, 150, 100, and 80 °C films, respeI:he silicon strain field would presumably change sign mul-

tively. The open triangle and open square are for the films depositedPle times between filaments, reducing the correlations be-
at 1 and 10 W, respectively, with a doping ok40 4, while the ~ tween microchannels even though the current filaments

open circle is for the film deposited at 3 W with a doping of 4 themselves might not be greatly affected. If the SWE was
%102 (all deposited at 250 °C The value ofAEq for a film is ~ accompanied by an increase in long-range disorder, this
given by theX plotted directly beneath its value fa&vE,, . would suggest that the fLhoise would become more Gauss-

FIG. 3. Plot of the shift in activation energy for the conductivity
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4 oge long-range disorder is unaffected, consistent with@fenc-
tion results.

IV. DISCUSSION

On one level the results described here are surprising,
given the body of research that has observed a change in the
long-range disorder accompanying the Staebler-Wronski

Logio Second Spectra (S2)
[\o]

7 oStaeA effect®!® For example, Fan and Kakalios found in their
* State B study of the 1f noise inn-type a-Si:H an increase in the
0 Gaussian behavior of theflhoise, reflected in a reduction in
i 5 4 3 2 the correlation coefficients between octaves following light
Log1g foffs exposuré’ These measurements were repeated several

times, and their results were reproducible over multiple ther-
FIG. 4. Log-log plot of the spectral density of the noise power mal cycles, despite the fluctuations observed in the magni-
fluctuations(second spectjaagainst the scaled frequencf,(f1)  tude of the noise power. These authors interpreted these mea-
for the 150°C film in state Aopen squargsand state B(solid  surements as demonstrating that the interactions between
diamonds. The frequency axis for the long-time fluctuations of the filaments are sensitive to the creation of defects by the
noise powerf, has been scaled by the appropriate octave centetaebler-Wronski  effect. Also, as previously mentioned,
frequencyf, . Hauschildt, Fuhs, and Mell reported finding a chang&n
, o ) ) in an n-type film following light exposuré. In contrast,
ian following light exposure, reflected in a decrease in theQuicker, West, and Kakalios reported finding no change in
slope of the second spectra. _ Eg for four different samples: twartype films (one very
The noise power spectra of the current fluctuations in th‘ﬁghtly doped, a compensated filmdoped with both phos-

a-Si:H film deposited at 150 °C were measured at 320 K forphorus and boron and a sulfur doped filf¥ Also, neither

both states A and B. The applied voltage is adjusted so thghe jightly doped film nor the compensated film displayed a
the same current passes through the sample in each state. chﬁ‘ange in the non-Gaussian statistics following light expo-
amorphous silicon exhibits clearflfoise behavior in state A ¢ ;e Quickeet al. did, however, observe an increase in the
which remains unchanged in both magnitude and spectraassian behavior of the noise for the othaype film (with
slope[comparing 1000 rms averages of individual fast Fou-4 doping ratio of 4 10%) and found that the correlation

rier transforms(FFT's)] following 24 h light exposure. To cqetficients of this film changed aft& h light exposure.
examine the time dependence of the noise a series of 1024 \yile in certain films a change in the long-range disorder

power spect(a, each the resglt of 19 rms averages, are takﬁﬁhy possibly accompany the SWE, the work reported here
over approximately a 90-min period and each spectra ig gqests that this is not universally the case and that an in-
summed into 6 separate octavesnging from 1010 640 Hz  (ease in the long-range disorder is not the primary mecha-
By Fourier transforming the resulting plot of noise pOWer nisy that drives the SWE. A change in long-range disorder
against time, a second spectra is obta|£1ed which charactefs|owing light exposure may in actuality be a side effect of
izes the fluctuations in the noise pow&f? The scaled sec- e SWE rather than its cause. Furthermore, as our measure-
ond spectra for the 150°C film are shown in Fig. 4. Themants focused primarily on th® function, these results do
second spectra for this film also display an approximate 1/ ot girectly contradict reports of light-induced changes in

frequency dependence, reflecting the non-Gaussian nature gf,er measurementsuch as the infrared absorption
the noise. The second spectra of a Gaussian noise source

would be frequency independent. As indicated in Fig. 4, no
consistent change is observed in the second spectra follow-
ing a 24 h light exposure, indicating that there is no substan- This research was supported by Grant No. NREL/AAD-
tial change in the filament interactions, and in turn that the9-18668-13 and the University of Minnesota.
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