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Preface

The prime candidate material for thin-film photovoltaic high efficient solar cells for large-scale power
generation is hydrogenated amorphous silicon and alloys. The objectives of the technology in this field are
to achieve stable and efficient units for cost effective bulk-power generation. The strategy in this field is to
optimize amorphous thin-film growth for greater efficiency and the reduction of light-induced instability.
Material preparation efforts of amorphous semiconductors have concentrated on the reduction of “Urbach”
edges, sub-bandgap absorption, and the density of deep defects to the end to maximize the
photoconductive gain of the material. Most material efforts have been to optimize mobility-lifetime
product (pt) as measured by steady state photoconductivity which does not determine p and < separately.
To evaluate various photocharge transport models, it is essential that a simultaneous determination of the
mobility and lifetime be performed so as to predict the performance of solar cells. We have developed a
photomixing technique to separately determine the mobility and lifetime to characterize materials to
predict solar cell performance and to allow the testing of new materials and devices in actual solar cell
configurations. The present program forms part of the NREL High-Bandgap Alloy Team and the
Metastability and the Mid-bandgap Alloy Team. Various groups are concerned with material synthesis and
device fabrication. The UCLA Group performs photoconductive frequency mixing measurements on these
material and solar cell devices to determine the optimum growth conditions for photocharge transport. The
continuous feedback of the results of the UCLA Group aids synthesis and relates material properties to
device performance and gain insight into the light-induced degradation mechanisms.



Table of Contents

Page
PREfACE........... ettt ettt et s s e s s s ae e s e s s s s e e st em s e e s e st e e s ansans i
TableofContents ... ii
LISLOf FIQUIES...........eooeeeeeeeeeee e e ceeeceee e sesssessse e seasssesnsesssessaesnsasssanneesnsessaesnsessesnsnas iii
LIStOF TaDIES ...ttt et e et s et cen vi
SUMMATY ... eeeeceeeceeeteeeeeee e ss e tessesssesnsesmeass s essa st aseesssameassesaeamsesaesesmeesmesmeessesaessesnsansensennnas 1
INFOAUCTION.............e ettt s e s bbb s seme s s smssnenns 2
Photomixing technique for separate determination of mobility and lifetime ... 3
Experimental setup of photomIXINg ............cooo oot ceeereee e eee e e ee e e ceseanes 11
Result and analysis................ et see e ene e e e .14
Continuous decay of drift mobility in intrinsic a-Si:H and a-SiC:H
upon light soaking investigated by the photomixing technique ...... 14
Effects of deposition conditions on transport properties of intrinsic
a-Si:H and a-SiC:H films investigated by the photomixing technique......................... 20
Mobility and lifetime in annealed and light soaked conditions for
glow discharge and hot wire intrinsic a-Si:H by photomixing..........ccccceeeeeereennen.e. 31
Electric field dependence measurements of mobility ................ocoooomeeoieeeeeeeeeeeeeeeeeeee. 32
Electric fieldd dependence of mobility of compensated a-Si:H samples 40
Light intensity dependence measuremMents..............cccceeeeeereceeeeeeeeeceeneseseneessesmsemasenseneas 43
Photoelectron emmission in air from amorphous semiconductors
and transparent conducting oxides ....48
LT o 60
ReferenCes .............. ottt et e sasn s aeas 61



Fig. 1

Fig. 2

Fig. 3
Fig. 4

Fig. 5

Fig. 6

Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. 11

Fig.12

List of Figures

Page

Photomixing signals obtained with a commercial EG&G FND100 diode. The incident laserpower
was about 20 mW and the dc bias was 90 V (back biased). The frequencies of the photomixing
signals are: 84 MHz, 168 MHz, 252MHz, ... 1.092 GHz. The 252 MHz was the one mostly used,
since it has highestintensity. 1 dbm =1 MW, 4

Schematic diagram of the photo-generation (1), recombination (2), trapping (3) and thermal
emission (4) processes. Only mono-molecular recombination is considered, since it is usually
the recombination process with highest probability. Ey, and E4, are demarcation energies for

electronS ANA NOIES. ........... ... et ee et e e e se e e e e e e essseeesssae e e sneasansnnnes 7
Block diagram of the experimental setup for photomixing.............coooiiriiiriieeeeceeeeceees 12
The optical setup for photomixing and light soaking. .........cc.cccceeeieececeeee e, 13

The dc photoconductivity G ;. (a), power of the photomixing signal P, (b), lifetime < (c) and
drift mobility gy (d) for the intrinsic a-Si:H sample versus light soaking time. In addition to the
decay of the dc photoconductivity and lifetime, continuous decay of the drift mobility can be seen

due to light soaking. Solid lines are curve fit to the stretched exponential law (Eq. (22)). Different
stretched exponential parameters were found, which are shown in Table 1. The drift mobility pgy

was determined by Eq. (17) and (czc) was determined by Ppiy. «.o..veeeveeeeeeeeeencenecenne. 15-18

The dc photoconductivity G ;. (a), lifetime < (b), and drift mobility p (c) for the a-SiC:H sample

versus light soaking time. In addition to the decay of the dc photoconductivity and lifetime, decay
of the drift mobility can be seen due to light soaking. Solid lines are curve fit to the stretched
exponential law (Eq. (22)). Different stretched exponential parameters were found, which are
shown in Table 2. The increase for the drift mobility at t ~ 100 min during light soaking is
probably due to an increase of the sample temperature upon light illumination and the open
circles for the drift mobility were obtained from the dc photoconductivity and curve-fitted lifetime

(0 = 1 - OO OO USRS 21-23
Lifetime (at 480 K) of a-Si:H films as a function of deposition temperature. .............................. 25
Drift Mobility (at 480 K) of a-Si:H films as a function of deposition temperature. ....................... 26
Urbach energy of a-Si:H films as a function of deposition temperature. ...............ccceveereenee.... 27
Lifetime (at 480 K) of a-SiC:H films as a function of hydrogen dilution ratio. ............................. 28
Drift mobility (at 480 K) of a-SiC:H fims as a function of hydrogen dilution ratio. ...................... 29
Urbach energy of a-SiC:H films as a function of hydrogen dilution ratio. ................cccccocconne.... 30

iii



Fig. 13

Fg. 14

Fig. 15

Fig. 16

Fg. 17

Fig. 18

Fg. 19

Fig. 20

Fg. 21

Fg. 22

Fig. 23

Fig. 24

Fig. 25

Fig. 26

Fig. 27

Drift mobility versus light soaking time for the hot wire samples at 4 sun light intensit .............. 33

Drift mobility versus light soaking time for the glow dlscharge samples at4 sun Ilght
INENSItY ... . eeeeeeeeeenmnaaan 34

Drift mobility versus applied electric field for the hot wire samples THD15 (1% H) (a) and THD16
(11% H) (b). Open and solid dots represent the data in the annealed and light soaked state
respectively. Solid lines are curve fitting according t0 EQ. (25) ...ceceeeeereeeeeeeeeeeeeeeeeee e 35

Drift mobility versus applied electric field for the glow discharge samples S#127i (a) and B#1)
(b). Open and solid dots represent the data in the annealed and light soaked state respectively.
Solid lines are curve fitting according to EQ. (25) .....cceeeee oo 36

Electric field dependence of of drift mobility (Apy/AE/uy4) versusstability (is characterized by the
average change in the normalized drift mobility to the change in the electric field, i.e., Dmd/DE/

md, while the stability (ut)_s/(1)an) Of the a-Si:H films under light soaking.........cccccceceeeeueene. 38
Drift mobility of compensated a-Si:H fim with compensation level of 10 versus electric
field......... 41

Drift mobility of compensated a-Si:H fim with compensation level of 10" versus electric
FIOM. ...t e s

Drift mobility versus light intensity for the glow discharge sample BK#1. Open and solid circles
represent the annealed and light soaked (4 sun, 4 hours) state respectively ............................ 44

Drift mobility versus light intensity for the hot wire sample THD16. Open and solid circles
represent the annealed and light soaked (4 sun, 7 hours) state respectively ............................ 45

Drift mobility versus light intensity for the hot wire sample THD15. Open and solid circles
represent the annealed and light soaked (4 sun, 7 hours) sate respectively ................... 46

Drift mobility versus light intensity for the Solarex samples. Open and solid circles represent
sample D1203-2 and sample D1203-3 respectively in the light soaked (1 sun, 600 hours)
state.....ccoeeceeeeeeeeeee. 47

nhomogeneity of NREL a-Si:H film detected by the Optical Stimulated Electron Emission
(OSEE) tECHNIQUE ......eoeeeeeeeeeeeeeeeeceeeeeneese e seeeense e ssensesasessesmsesaesnsesnsessasssesssanneessasesnnesnnens 49

Photoemission in air from sample 4376-21: 200 A of a-SiC p-layer deposited at IEC on layer
4375-22, texture ZnO from Harvard (Prof.Gordon’s Group).........ccceeeeeeeeeeeeeeeecsesceeseeessneennns 52

Photoemission in air from sample 4376-11: 200 A of a-SiC p-layer deposited at IEC on sample
4375-11, textured SnO, from Solarex (standard device substrate) : 53

Photoemission in air from sample 4376-12: 200 A a-SiC p-layer deposited at IEC on layer 4375-
12, textured ZnO from Solarex........ eemeeeeeseeesseesscesesseessmessstesseessseesssnesns ...54

iv



Fig. 28

Fig. 29

Fig. 30

Fig. 31

Fig. 32

Photoemission in air from sample 4376-22: 200 A a-SiC p-layer deposited at IEC on 4375-22,
textured layer ZnO from Harvard (Prof. Gordon’s Group) .............cooeeeeoueieeeeoeeeeeeeeeeeeeeer e 55

Comparison of the photoemission in air between samples:
4375-11: textured SnO, from Solarex (standard device substrate) and

A virgin SAMPIE Of 4375-T1 ...ttt ee e e et e e e e e e se e e e s e aeasnssaeesensannnens 56

Comparison of the photoemission in air between samples:

4375-12: textured ZnO from Solarex,

4375-22: textured ZnO from Harvard (Prof. Gordon’s Group), and

B: virgin Sample Of 4375-21......... ot eee e e ee e e e enee seeee e neaeeaear e seneeennnees 57

Comparison of the photoemission in air between samples of:

91539-21: 1000 A, specular ZnO (no texture) sputtered at IEC,

91552-17: 200 A specular ZnO sputtered on textured SnO,,

91 554-04‘:: 1000 A specular ZnO sputtered on textured SnO, and

E: 1000 A, specular SnO, grown on textured ZnO (Harvard) ...........c...cc.oovoooeeeveeereeeeeeeeeeeenne. 58

Comparison of the photoemission in air between samples:

A: virgin sample of 4375-11,

C: virgin sample of 4375-21,

4375-11: textured SnO, from Solarex (standard device sample), and

4375-21: textured ZnO from Utility PV group (UPG).........coom oot eenes 59



Table 1

Table 2

Table 3

Table 4

List of Tables

Page
Summary of results from the curve fit for a-SitH. ... 12
Summary of results from the curve fit for a-SiC:H. ...................... . 12
Sample Characterization..................oooeeeeeeeeeeeeeeeeeceeeeeereceeeemeesesnssssesmssssesmseneesmesnnsessmeesmeesnsn 31
Experimental and curve fitting results for electric field dependence of mobility ......................... 39

vi



Summary

The continuous decay of electron drift mobility in intrinsic a-Si:H and a-SiC:H upon light soaking was
investigated by the photomixing technique. The photoconductivity, lifetime and drift mobility in intrinsic
hydrogenated amorphous silicon (a-Si:H) and hydrogenated amorphous silicon carbide (a-SiC:H) while
light-soaking were determined using a photomixing technique. In addition to the decay of the
photoconductivity and electron lifetime, continuous decay of the electron drift mobility was found during
the light soaking process, which reveals a new phenomenon associated with the Staebler-Wronski effect.
The drift mobility decreased by a factor of 2 for 20 hour light soaking at 2.5 sun intensity. Experimental
data were fitted to a stretched exponential law. Different stretched-exponential parameters for
photoconductivity, lifetime and drift mobility were obtained, which indicates the production of defects
with different generation kinetics upon light soaking.

The effects of deposition conditions on transport properties of intrinsic a-Si:H and a-SiC:H films were
investigated by the photomixing technique. By using the photomixing technique, we have determined the
electron drift mobility, lifetime and the conduction band Urbach energy (~ 0.1 eV below the band edge) of
a-Si:H and a-SiC:H films as a function of depositon temperature (T, 200C < Ts < 280C) and hydrogen

dilution ratio (R, 0 < R £ 25), respectively. We have found that for the a-Si:H films with increasing
deposition temperature, the lifetime (at 480 K) increases, both the drift mobility (at 480 K) and the Urbach
energy decrease; and for the a-SiC:H films with increasing hydrogen dilution ratio, both the drift mobility
(at 480 K) and the lifetime (at 480 K) increase, and the Urbach energy shows a tendency to decrease. These
results, together with previous results of other workers, indicate that for the a-Si:H films with increasing
deposition temperature, the density of negatively charged defects increases and the density of positively
charged and neutral defects decreases; and for the a-SiC:H films with increasing hydrogen dilution ratio,
the density of positively charged, negatively charged, and neutral defects all shows a tendency to decrease.

By using the photomixing technique we have found that the drift mobility (1g) of intrinsic hydrogenated

amorphous silicon (a-Si:H) films produced by both glow discharge and hot wire techniques increases with
increasing electric field, while the lifetime (t) decreases with increasing electric field, and the pit product is
essentially independent of the electric field. We have also found that a greater field dependence of the drift
mobility of an a-Si:H film in the annealed state indicates a poorer stability of the photoconductivity upon
light soaking. This empirical relationship is consistent with earlier observation that light soaking decreases
of the drift mobility in most a-Si:H based materials. This empirical relationship suggests that the Staebler-
Wronski degradation of a-Si:H can be linked to defects that are responsible for the field dependence of the
drift mobility in the annealed state. Important applications of this empirical relationship include the
possibility of assessing the amount of expected light induced degradation without going through time
consuming light soaking experiments and possible in situ evaluation of stability, e.g., during sample
preparation processes to find the optimal conditions for stable samples.

In-air scanning photoemission measurements of bare and a-Si:H coated transparent conductive oxide
surfaces revealed inhomogeneities of composition or surface contaminates.



Introduction

The research pursued during Phase I were part of a collaboration with members of the NREL Wide-
bandgap Alloy Team and the Metastability and Mid-bandgap Alloy Team. The tasks were concerned with
the characterization of the photoconductivity as a function of temperature of a-Si:H and a-SiC:H layers so
as to deconvolute the mobility-lifetime products into mobility and response time. In addition the changes
of the above parameters in detail as a function of light induced degradation were investigated. The
continuous decay of the electron drift mobility in intrinsic a-Si:H and a-SiC:H upon light soaking was
investigated by the technique of photomixing. In addition the effect of deposition temperature and
hydrogen dilution on the transport properties of intrinsic a-Si:H and a-SiC:H was also investigated. The
dominant approach to accomplish the tasks of the present phase of the program is the technique of
photoconductive frequency to separately determine the drift mobility and recombination time. In the
following sections the theory of the photoconductive frequency mixing (photomixing), the experimental
configuration and the results of the light degradation studies and the characterization of the photocurrent
properties of a-Si:H and a-SiC:H prepared by various growth techniques are presented.

This report describes work performed during the phase I of the program in a number of areas. The
technique of photoconductive frequency mixing was employed to separately determine the mobility and
lifetime in a-Si:H and a-SiC:H. Light degradation studies reveal in addition to the decay of the
photoconductivity and electron lifesime, continuous decay of the electron drift mobility was found during
the light soaking process, which reveals a new phenomenon associated with the Staebler-Wronski effect.
In addition to the generation of defects as recombination centers, defects as charged scattering centers can
also be generated upon light soaking. Different generation kinetics for these two kinds of defects were
found through stretched-exponential-law analysis. The charged scattering centers can be formed from deep
trapping or recombination centers through some relaxation processes.

The effects of deposition temperature and hydrogen dilution ratio an the transport properties of a-Si:H and
a-SiC:H were investigated. Our results, together with previous results of other workers, indicate that for
the a-Si:H films with increasing deposition temperature, the density of negatively charged defects
increases and the density of positively charged and neutral defects decreases; and for the a-SiC:H films
with increasing hydrogen dilution ratio, the density of positively charged, negatively charged, and neutral
defects all shows a tendency to decrease. The photomixing technique, which can experimentally determine
both the drift mobility and lifetime, together with subgap absorption, can provide information not only for
the density of midgap defects, but also for the charge state profile of midgap defects.

Measurements of the electric field dependence of the drift mobility have indicated that an empirical
relationship exists between the field dependence and the stability of a-Si:H. The great field dependence of
mobility in annealed state indicates a poor stability upon light soaling.

Photoemission measurements to revealed inhomogeneities of composition or surface contaminates.



Photomixing technique for separate determination of
mobility and lifetime

We have developed a photomixing technique that allows us to determine both drift mobility and lifetime.
This technique has been successfully applied to single crystalline, polycrystalline and amorphous

semiconductors, such as ¢-Si,! a-Si:H,% 3 a-As2Te3,4 polycrystalline CuInSeQ.5 In the present paper we
report in situ photomixing determination of lifetime and drift mobility in intrinsic hydrogenated
amorphous silicon (a-Si:H) and hydrogenated amorphous silicon carbide (a-SiC:H) while light-soaking.
We also present details of the theory and experimental setup of the photomixing technique.

The photomixing technique employed is based on the idea of heterodyne detection for photoconductors.
When two similarly polarized monochromatic optical beams of slightly different frequencies are incident
upon a photoconductor, the generation rate of electron-hole pairs and therefore the photocurrent produced,
when a dc bias is applied, will contain components resulting from the square of the sum of the incident
electrical fields. Consequently, a photocurrent composed of a dc and a microwave current due to the beat
frequency of the incident fields will be produced; these two photocurrents allow a determination of the
mobility and lifetime of the photo-generated carriers.

In the present work, instead of using two lasers, the multiple longitudinal modes of a single laser were
used. In this case several microwave signals or photomixing signals with different frequencies can be
generated due to the beating of the various laser longitudinal modes. Fig. 1 shows photomixing signals
obtained with a Spectra-Physics 125A He-Ne laser (20 mW) on a commercial EG&G FND100 diode. The
frequencies of the photomixing signals are: 84 MHz, 168 MHz, 252MHz.... 1.092 GHz. This is consistent
with the fact that the frequencies (f;,) of the longitudinal modes of the laser are given by the following:

fm = mﬁ , where m is an integer, L is the length of the laser cavity and c is the speed of light in the

cavity. The variation of the intensity of each frequency component is due to the intensity distribution of the
laser modes and the frequency roll-off of the diode. The signal at 252 MHz was the one mostly used, since
it has highest intensity.

The phenomenon of photoconductivity originates from the generation of electron-hole pairs to delocalized
states by optical excitations. The electron-hole pair generation rate G is proportional to the square of the
total electrical field (E) of the incident light, which is the superposition of the electrical fields (E,) of all

the incident beams, i.e.,

1
E = Z E_ exp(in,'t+i¢, ), (¢))

m=1

where ©p,’, ¢, are the angular frequency and the initial phase constant, respectively, of the m® optical
beam (or mode), and / is the total number of the optical beams (or modes).

If longitudinal modes of a laser are used, then
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Figure 1. Photomixing signals obtained with a commercial EG&G FND100 diode. The incident
laser power was about 20 mW and the dc bias was 90 V (back biased). The frequencies of the
photomixing signals are: 84 MHz, 168 MHz, 252MHz,... 1.092 GHz. The 252 MHz was the one
mostly used, since it has highest intensity. 1 dbm = 1 mW.
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where @’ is the lowest frequency of the laser modes, m is an integer, L is the length of the laser cavity, and
c is the speed of light in the cavity. For the Spectra-Physics 125 A laser used, ®g =84 MHz.

The total generation rate (G) and the generation rate of the m® optical beam (or mode) (G, are
proportional to the square of the corresponding electrical field, ie: G = C|E|? and G,, = C |E’m|2,
where C is a proportionality constant.

The total generation rate G can be further expressed as:

! 2
Z E, exp (io, 't +id,)

m=1

G=C

I ! )
=CY |E,.|” +2CRe Y Y E, Eexpli(o, -0t +i(d,-06)]

, (3)
m=1 m=1j=1
(m>))
) ) I-11-m
=C Z |Em| +2CRe( E EEm-Ejexp[i(mj+m’—coj’)t+i(¢j+m—¢j)])
m=1 m=1j=1
with Ej+m'Ej = |Ej+m|-|EJ{cos (0% 4 m,j) » Where ;. . is the angle between the two electric

fields, which can also take into account the dynamic correlation between the two laser modes.

If longitudinal modes of a laser are used, then from Eq. (2): @ s m’ - (oj’ = mo,=,. Therefore, the

total generation rate G can be rewritten as:

1 I-1/71-m
G = Z Gm+2Re( Z [Z /Gj+mjSos (aj+m’j) exp (i¢j+m—i¢j)Jexp (immt)]. (4)
m=1

m=1\j=1

The second term on the right hand side of the above equation has to be further evaluated, since the phase
constants are unknown. First we evaluate the following quantity:



Z

t—-m
Z G, , nGjcos (aj+m’j) exp (i9; , -i¢j)
=

I-m
= Y G}, mGje0s? (0, 1) )
j=1
I-ml-m
+2 Y Y JGjimCCimGic0s? (o), )OS (§jr, jy = 0y + 0, = )
Fe1i=1

>i

For a laser without mode locking, the phase differences are random. Therefore, on the average, the second
term on the right hand side of the above equation is much smaller than the first term and thus can be
neglected to the first order. Consequently,

l-m ] -
Y. JGjsmGjeos (&, ) exp (i), ,~i0) = »j):

m
G; G.cosz(ajm,j) exp (iam), (6)
i=1 j=1

J+m=—j

where 8, is a certain phase constant.

) il -m

By defining G, = Z G,andA, = JZ GJ-\LmjSos2 (aj+m j) /Gand with the understanding
m=1 j=1

that only the real part of the generation rate G should be considered, G can be rewritten as

1-1
G = Gy+2G, 2 A exp (i, t+id,) . 7

m=1

G, the total dc generation rate, can be determined by the total power of the incident optical beams and can
be measured by a conventional photodetector. A, the effective modulasion indices, can be determined by a

Fabry-Perot interferometer. For a nearly linearly polarized laser beam, cos ( i m, j) =1.

In general, especially for amorphous semiconductors and insulators, there are four processes involved in
the phenomenon of photoconductivity (Fig. 2): (1) photo-generasion, (2) recombination, (3) trapping --
charge carriers are trapped to the localized states inside the band gap, (4) thermal emission -- trapped
charge carriers are thermally emitted back to the extended states. The rate equasion for photo-generated

electrons, which are often the dominant carriers, in the conduction band in given by 2.3.6.7,
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Figure 2. Schematic diagram of the photo-generation (1), recombination (2), trapping (3) and
thermal emission (4) processes. Only mono-molecular recombination is considered, since itis
usually the recombination process with highest probability. E4, and Eqp, are demarcation
energies for electrons and holes.
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The first term on the right is the dc generation term, the second term is the ac generation from the beating
of the various laser longitudinal modes with the difference frequencies of wp,, the integral describes the

number of trapped electrons in localized states below the conduction band and above the electron
demarcation level E4 due to the trapping and thermal emission processes, and the last term represents the

recombination of mobile electrons with trapped holes at a constant recombination rate 1/7g.

The trapped electron rate equation is given by7

dn;(E)
dt

= 1K [Ny (E) - n(E)] - N _Kn,(E) exp( -%,) ©)

where ny(E) is the density of electrons in the localized states, N, is the effective number of states in the
extended state transport band, N is the density of states for the conduction band tail, K is the capture rate;

the first term on the right represents the trapping and the second represents the thermal emission of
electrons from localized gap states.

-1
Exact solutions for Eqgs. (8) and (9) can be obtained® 7 in the form of n = no+ Z n,exp (ia)mt) with

m=1
21,G,
ny = Gy and 0, = (——2—2)—1/—2exp (id,,) , where, for simplicity the mixing frequency @, has
A"+B
been replaced by o,
a<l.¢ DK
Tp E';1+exp [ (Es, - E) /kT]

' , (10)

exp [ (Eg, - E) / (kT) ]

fn 5Ny (E) dE

D%+ {1+exp [(Eg, - E) /kT]}

Ed
ex E. -E)/k
B=own 1+l P[(fn ) /kT]

"09D2+ {1+exp[(E,,-E)/kT]}

SNy (E)dE |, (11)

@

and D = JE
N Kexp (-Ej,/kT) fn

= kTIn(N/ny) ,and E = kTIn(N K/ ®) .



In the above equations Eg, is the quasi-Fermi level for electrons and E is a frequency-dependent
demarcasion energy. Their physical meanings become clear if we rewrite the last two of the above
equations as ny = N exp (-Ejn/kT) and @ = N_Kexp (-E_/kT) .
Thus, roughly speaking, above E the carriers are in quasi-thermal equilibrium since their thermal
emission frequencies are higher than the mixing frequency , while those below E, are in deep traps with
concomitant emission frequencies less than the mixing frequency .
When a dc bias is applied, the resulting dc and root-mean-square ac conductivities are given by 2

Oy = eGOuO'cR, (12)

A
J(o2) = JReGop, e (13)
T2 B

In the case of no trapping, the above equason becomes

/ 2 A
<GGC = ﬁeGouo—z—'_—;. (14)
,/m +1/15
,/coz +1/7 R2
Comparing the last two equations, one can see that in general the quantity [lo————— plays the

2 2
:JA +B
same role in the case of trapping as the extended state mobility pg in the case of no trapping, thus the
former can be identified as an effective mobility or drift mobility (W), i.e.,

2 2
,/w + 1/1:R

(15)

For our photomixing frequency of 252 MHz, o is about 1.58 GHz (corresponding to a time scale of 630
ps). Since the recombination lifetime g, is usually greater than 10 ns, thus 0)21R2 >> 1, therefore the above
equation can be simplified to

Q)

Ky = bo7—=—s-
NAZ + B

(16)



From Eqgs. (13) and (16) one can see that the drift mobility (1y) is an experimentally measurable quantity
with no need for any detailed knowledge of trapping and thermal emission, i.e.:

h, = o <cﬁc>/(./§eaox), 17)

where A (= 7.05%) is an effective modulation index. Attention is focused on electrons, since they have
more dominant contributions to transport in intrinsic a-Si:H and a-SiC:H samples than holes.

.. 2 .
The root-mean-square ac photoconductivity ,/{c ) was determined through the measurement of the

power of the ac or photomixing signal using a Tektronix 492P spectrum analyzer. The drift mobility p4 can
thus be obtained from Eq. (17) and the lifetime < corresponding to 3 can be written as

HoTr _  Oac
Ky eGoud

(18)

The photomixing process for single crystalline materials is a special case of the above discussion such that
the trapping term in Eq. (8) can be set to zero. In this case, the integrals in the Egs. (10) and (11) are zero,
and Egs. (17) and (18) give the drift mobility 1y which is equal to the extended state mobility g and the
recombination lifetime vy respectively. In the case of amorphous or polycrystalline materials, the drift
mobility |4 usually is less than the extended state mobility W, but approaches to W at high frequency or
high temperature limit according to Egs. (10) and (11).

The absolute values for mobility and lifetime can be obtained through the measurement of the absolute
values of the microwave photomixing signal and the generation rate.

To see the temperature dependence of the transport properties under trapping, one can use the following

E,
approximations for A and B in Eq. (16): A= Ti + J' KN, (E)dE,B= o+ ngKNT (E,) .if D>>1
R
E

or the frequency-dependent demarcation energy E,;, is well above the quasi-Fermi level Eg,, which is true
in our case. Therefore, further considering that the recombination effect (the 1/ term in the expression
for A) can be proven to be negligible:

10



(O]

J [m + ngKNT(Em)]2 + [eKNp(E )1

In(NK/w)\’
@ exp(kT—c————)

b; = Hy

(19)

=u0

J [/ [Nz ()] + 5HT] " ek,

where the distribution of tail states is given by: N = g_exp (-E/€) , and g is the density of states in
the conduction band and ¢ is the spread of the band tail.

Thus by measuring the dc and the ac photoconductivities at a single photomixing frequency as a function
of temperature, |y K and € can be determined through curve fitting according to Eq. (19). The

O4c
eGollg

recombination lifetime Ty, is then given by: T, =

It is interesting to point out that when € > kT and the photomixing frequency is much less than certain
L
2

be obtained from Eq. (19): L ;< @

“trapping frequencies”, i.e., @ « 5kTKN(E,) and o « KN, (E,) , explicit dispersive transport can

1 -kl/e

Experimental setup of photomixing

The block diagram of the experimental setup for photomixing is shown in Fig. 3. The dc photo-signal was
measured by a Keithley 617 Programmable Digital Electrometer, and the photomixing signal, i.e., the ac
photo-signal, was measured by a Tektronix 492P Specttum Analyzer with a frequency range of 50 KHz to
220 GHz. The dc and the ac signals were separated by a low pass filter and a high pass filter, which are
incorporated in a bias tee, that was connected to a three stub tuner. By tuning the stub tuner, the reflection
of the photomixing signal, which is in the microwave range, from the Spectrum Analyzer can be reduced
to nearly zero, and thus the true measurements of the photomixing signal can be achieved. All the
equipment were controlled by an IBM PC through a National Instruments Lab-PC card.

Measurements in the temperature range from 80 K to 330 K were performed with a Janis double vacuum
jacket dewar (model 8 DT) and a Lake Shore temperature controller (model DRC 80C). Measurements
from 150K to 450 K were performed with a vacuum dewar and a software emulated temperature
controller constructed in house.

The light sources used for photomixing and light soaking are included in the optical setup, the details of
which are show in Fig. 4.

A Spectra-Physics 125A He-Ne laser was used as the light source for photomixing, and a 600 W or a 1000
W tungsten halogen lamp was used as the light source for light soaking measurements. In ordinary

11
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Figure 3. Block diagram of the experimental setup for photomixing.
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photomixing measurements the tungsten halogen lamp was turned off, only the laser beam was focused
onto the sample. In light soaking measurements, the light from the tungsten halogen lamp was focused
onto the sample, the laser beam can also be focused onto the sample for photomixing measurements in situ
with light soaking. In this case the light from the lamp and the laser beam were combined together by a
mirror with a hole in the middle.

Result and analysis

Continuous decay of drift mobility in intrinsic a-Si:H and a-SiC:H upon light soaking
investigated by the photomixing technique

The intrinsic a-Si:H, provided by the National Renewable Energy Laboratory (NREL), was deposited by
glow discharge on Corning 7059 glass at a substrate temperature of 250 C. The sample was 1. 3 y thick
with co-planar chromium contacts. The hydrogen content was about 10%. Measurements were performed
at room temperature. The sample was annealed for a few hours before the measurements. The light source
for light soaking was a Tungsten Halogen lamp yielding a light intensity of about 2.5 sun at the sample
surface and the photomixing signal was obtained by using a He-Ne laser (632.8 nm).

Fig. 5 a-d show the dc photoconductivity G ;. , power of the photomixing signal Pyy;,, lifetime © and drift

mobility Ly for the intrinsic a-Si:H sample versus light soaking time. In addition to the decay of the dc
photoconductivity and lifetime, continuous decay of the drift mobility can be seen due to light soaking,
which reveals a new phenomenon for the Staebler-Wronski effect.

For intrinsic a-Si:H the drift mobility is determined by the trapping of electrons into the conduction band
tail and the scattering of electrons by the intrinsic disorder. Both enhanced trapping and scattering can
result in the decay of the drift mobility. A question of interest is: which one is the dominant mechanism for
the decay of the drift mobility upon light soaking.

The concentration of defects generated by light soalsing is usually about 10%6cm for dangling bonds,
located near the mid-gap, at saturation level 8 and about 10'8cm for the light induced defects in the
valence band tail®. Thus it is conceivable that the conduction band tail, with integrated concentration of
states of 10%cm™, would not be altered by these defects, especially since the frequency dependent
demarcation energy E, for the photomixing process is about 0.1 eV below the conduction band edge,z’ 3
where the density of states for the conduction band tail is high (~1020cm'3eV '1). Therefore the enhanced
scattering has to be the dominant mechanism for the light induced decay of the drift mobility. In order for
the light generated defects (~10Y%cm) 1o compete with the intrinsic neutral scatters due to disorder

(~10220m'3) of much greater population so as to reduce the drift mobility, part of the light generated
defects can be charged so that they can have much greater scattering cross sections and may form long-
range potential fluctuations. Without significant changes for trapping, the lifetime t and the drift mobility

g4 are thus proportional to the recombination lifetime Ty and the extended state mobility pg . Therefore
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Figure 5 (a). The dc photoconductivity G ,. for the intrinsic a-Si:H sample versus
light soaking time. The solid line is curve fit to the stretched exponential law (Eq. (22)).

15



30 ‘I’ k1 1 ] 1
g 25 F L. (b) i
Sy
5 20 I \
r:-? .°°.,

15 F . -
jsj ~
: [ .~ .
g 10 o~
)
B St *

0 1 i | I |

-1 0 1 2 3 4

Log(Time) (min)

Figure 5 (b). Power of the photomixing signal Pp,,_s for the intrinsic a-Si:H sample
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Figure 5 (c). The lifetime < for the intrinsic a-Si:H sample versus light soaking time.
The solid line is curve fit to the stretched exponential law (Eq. (22)).

17



Drift Mobility (a.u.)

1 ] ] 1 1
-1 0 1 2 3 4

Log(Time) (min)

Figure 5 (d). The drift mobility 4 for the intrinsic a-Si:H sample versus light soaking time.

The solid line is curve fit to the stretched exponential law (Eq. (22)). In addition to the decay of
the dc photoconductivity and lifetime, continuous decay of the drift mobility can be seen due to
light soaking. Different stretched exponential parameters were found, which are shown in Table

I. The drift mobility yqy was determined by Eq. and (ci o) was determined by P,;.

18



—x— =Nsv, (20)

1
—x—xNsv, (21)
ud uo s S§

where N, N are the effective concentrations of the recombination and the scattering centers, s,, g are the
effective recombination and scattering cross sections, and v is the thermal velocity of charge carriers.

The solid lines in Fig. 5 are curve fit to the following stretched exponential 1aw:

N = N,- (N,-Ny) exp [- (/1) ], (22)

by replacing N with 1/c4., 1/t and 1/p4 respectively, where N is the defect concentration at time t, Ng and
Nj are the initial and saturated defect concentrations, f is the stretching parameter, and 7 is the time
constant. The results from curve fit are listed in Table 1.

Table I. Summary of results from the curve fit for a-Si:H.

B To (min)
From dc Photoconductivity 0.65 300
From Lifetime 0.64 130
From Drift Mobility 0.49 160

As can be seen from the above table, different stretched-exponential parameters for photoconductivity,
lifetime and drift mobility were obtained, which indicates the generation of defects with different
generation kinetics upon light soaking. Our studies so far do not reject any existing microscopic

models!® 11:12-17 for the Staebler-Wronshi effect, such as weak bond brealing 12-15 apng charge

trapping 16 models. Rather our studies indicate that combinations of different models may be necessary to
explain the generation of defects with different characteristics. The recombination centers for electrons are
most likely positively charged or neutral defects, whereas the scattering centers for electrons can be either
negatively or positively charged defects. Upon light soaking, in addition to the generation of defects, the
defects that serve as deep trapping or recombination centers can be charged, since electrons and holes are
trapped to them. This results in enhanced scattering and thus the decay of the drift mobility for electrons.
The charged defects may become quasi-stable through some relaxation processes and can also form certain

long-range potential ﬁuct:ual:ions,lg'22 if they are not spatially correlated.

All the above statements are also supported by the light soaking experiments on the a-SiC:H sample.
Decay of photoconducsivity lifetime and drift mobility upon light soaking were found (Fig. 6 a-c). The
solid lines are the curve fit according to the stretched exponential law. The increase for the drift mobility at
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t ~ 100 min during light soaking is probably due to an increase of the sample temperature upon light
illumination. Table II shows the results from the curve fit according to the stretched exponential law (Eq.
(22)). Different parameters were found for different decay processes.

It should be pointed out that in some Time-Of-Flight (TOF) measurements the decay of drift mobility due

to light soaking was not found.?3% This basically results from the facts that the photomixing process is a
fast process with an equivalent time scale of 630 ps and is close to the steady state limit, since the ac
generation rate is only about 14% of the total generation rate, which allow it to study the transport of

electrons about 0.1 eV below the conduction band edge.z' 3 Therefore, the photomixing measurements are
very sensitive to changes in the extended state transport path, such as the change in the profile of scattering
centers and long-range potential fluctuations, whereas on the other hand, the drift mobility measured by
TOF, which is a slower process with a time scale of about 10 ns, is mainly limited by the trapping and
thermal emission processes and thus may not be sensitive to changes in the extended state transport path.

Table II. Summary of results from the curve fit for a-SiC:H.

B 7o (Min)
From dc Photoconductivity 0.87 200
From Lifetime 0.93 170

Effects of deposition conditions on transport properties of intrinsic a-Si:H and a-SiC:H
films investigated by the photomixing technique

Extensive studies on effects of the deposition conditions, such as deposition temperature ('I‘s)26'31 and

hydrogen dilution ratio (R),32’33 on the structural and electronic properties of a-Si:H and a-SiC:H films
have been performed in attempt to improve the quality of these films for solar cell applications.z‘(*33 The
experimentally available transport data for these films, however, are normally limited to conductivities and
pt products which are convolutions of a few separate physical parameters. With the unique advantage of
the photomixing technique of being able to experimentally determine both the drift mobility (lLg) and
lifetime (t), we report here the drift mobility (at 480 K), lifetime (at 480 K) and the Urbach energy (€) of a-
Si:H and a-SiC:H films as a function of deposition temperature (Ty) and hydrogen dilution ratio (R),

respectively.
H, = ® <o§c>/(./§ecox) (23)

T = 0,/ (eGyly) (24)

where o is the photomixing angular frequency (~ 1.58 GHz, corresponding to a time scale of ~
630 ps), A (~ 7.05%) is an effective modulation index, Gy is the dc electron-hole pair generation
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Figure 6 (a). Thedc photoconductivity G ;. for the a-SiC:H sample versus light soaking time.
The solid line is curve fit to the stretched exponential law (Eq. (22)).
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Figure 6 (b). The lifetime < for the a-SiC:H sample versus light soaking time.
The solid line is curve fit to the stretched exponential law (Eq. (22)). Different stretched
exponential parameters were found, which are shown in Table Il.
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Figure 6 (c). The drift mobility pg4 for the a-SiC:H sample versus light soaking time. In addition
to the decay of the dc photoconductivity and lifetime, decay of the drift mobility can be seen
due to light soaking. The increase for the drift mobility at t ~ 100 min during light soaking is
probably due to an increase of the sample temperature upon light illumination and the open

circles for the drift mobility were obtained from the dc photoconductivity and curve-fitted

lifetime data.
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. .. 2, . .
rate, G, is the dc photoconductivity, and ,/{c, ) is the root-mean-square ac photoconductivity

which is determined by the power of the microwave photomixing signal. The Urbach energy (€) is
determined by curve-fitting to the drift mobility data as a function of the measurement
temperature.

The intrinsic a-Si:H films?®-3! were prepared by RF glow discharge at deposition temperatures (T) of: 200
C, 220 C, 240 C, 265 C, and 280 C. The a-SiC:H films®2-33 were prepared by RF glow discharge with
hydrogen dilution ratio (R = Hp/(CH4+SiHy)) of: 0 (T = 250 C), 20 (T = 250 C), and 25 (T = 305 O).
Most of these samples were provided and fully characterized by the Wronski group at Penn. State
University.zg'33

For the a-Si:H films with increasing deposition temperature (Ty), the lifetime (at 480 K) increases (Fig. 7),
the drift mobility (at 480 K) decreases (Fig. 8), and the Urbach energy decrease, except for the sample with
T = 200 C (Fig. 9). The decrease of the Urbach energy (Fig. 9) indicates that the Urbach edges get sharper
and the atomic structure of the films gets closer to that of crystalline Si. This is consistent with previous
results indicasing that the monohydride and dihydride content, and the void fraction all decrease with

increasing deposition te:mpe,raturc:.31 The pt product (at 480 K) of these films increases as the deposition
temperature (T) increases to 240 C, and converges to a constant value at higher T,. This is also consistent

with previous results.3!

It is important to note that the decrease of the monohydride and dihydride content, and the void fraction in
these a-Si:H films as a result of increasing deposition temperature (Ty) actually results in an increase in the

subgap absorption, i.e., higher density for the midgap defects.3! Nevertheless, the lifetime for electrons (as
they are the dominant photoconductive charge carriers in intrinsic a-Si:H films) still increases with
increasing T (Fig. 7). All these indicate that with increasing deposition temperature (Ty), the density of
defects with relatively large deep trapping and recombination cross sections for electroms, such as
positively charged and neutral defects, must decrease, whereas the density of defects with relatively small
deep trapping and recombination cross sections for electrons, such as negatively charged defects, must
increase to account for the increase of the subgap absorption. The increase of charged defects with
increasing T is also evidenced by the decrease of the drift mobility (Fig. 8), as the charged defects can

enhance the scattering of electrons, especially if they form certain long range potential fluctuations.!®22 In

other words, the change in the deposition temperature (T,) not only affects the density of midgap defects,
but also, more importantly, affects the charge state profile of midgap defects.

For the a-SiC:H films with increasing hydrogen dilution ratio, both the lifetime (at 480 K) (Fig. 10) and the
drift mobility (at 480 K) (Fig. 11) increase, and the Urbach energy shows a tendency to decrease (Fig. 12).
These results are consistent with previous results indicating that with increasing hydrogen dilution ratio,
both the voids fraction and the density of midgap defects decreases, 3223 and further indicate that the
density of positively charged, negatively charged, and neutral defects all shows a tendency to decrease
with increasing hydrogen dilution ratio.



4(X) 1 [ 1 1 1

300 B ° ° B

Lifetime (ns)
N
S

100 | | -

0 1 1 ] 1 1
180 200 220 240 260 280 300

Deposition Temperature (C)

Figure 7. Lifetim (at 480 K) of a-Si:H films as a function of deposition temperature.
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Figure 11. Drift mobility (at 480 K) of a-SiC:H films as a function of hydrogen dilution ratio.
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Mobility and lifetime in annealed and light soaked conditions for glow discharge and hot
wire intrinsic a-Si:H by photomixing

We have utilized the capabilities of our photomixing technique to separately determine the mobility and
lifetime under annealed and under light soaked conditions on samples prepared by various groups. Since it
has been reported that higher stabilized cell efficiencies has been achieved utilizing i-layers grown under
hydrogen dilution conditions our goal was to characterize such samples by our techniques and gain insight
to the factors which determine the properties of these films.

Intrinsic a-Si:H films produced by the glow discharge (provided by NREL and Solarex) and the hot wire
techniques (provided by NREL) were investigated with the photomixing technique. The sample
characterizations are as follows.

Table ITI. Sample characterization

. Thicknes
Sample I. D. Preparation Pro;nde HContent | Ts(C) 3 Other
(nm)
THD15 Hot wire NREL 1% 600 2200
THD16 Hot wire NREL 1% 350 2000
S#127i Glow discharge | NREL No H dil. 460
BK#1 Glow discharge | NREL 10% 590
D1203-2 | Glow discharge | Solarex | With H dil. 1200 | Light soated
D1203-3 | Glow discharge | Solarex | No H dil. 1500 L'?:: gggl:]ed

The mobility and lifetime were determined on the above samples under the conditions of in situ light
soaking and under annealed conditions as a function of electric field and as a function of light intensity.

In situ light soaking measurements

In the in situ light soaking measurements, which were performed with a He-Ne laser with about 4 sun
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intensities for 4 and 7 hours, mobility decays were found in various fashions. In general, the mobility
decays for the hot wire samples (<20%) (Fig. 13) were found less than those of the glow discharge samples
(~40%) (Fig. 14). This supports the findings that some hot wire samples are more stable than glow
discharge samples under light soaking.

Electric field dependence measurements of mobility

We employed our photomixing technique to measure the field dependence of the mobility and lifetime
with the following results.

In the dc bias dependence measurements with the applied electric field ranging from 2000 V/cm to
9000 V/cm, the mobilities were found increasing and the lifetimes decreasing with increasing dc bias,
while the pt products remain essentially independent of the dc bias.

Four a-Si:H thin film samples provided by the National Renewable Energy Laboratory (NREL) were
investigated by the photomixing technique. Samples THD15 and THD16 were produced by the hot wire
process, with hydrogen contents about 1% and 11%, deposition temperatures of 600 C and 350 C, and
thicknesses of 2200 nm and 2000 nm, respectively. Samples S#127i and B#1 were produced by the glow
discharge process, with hydrogen content about 10% and thicknesses of 460 nm and 590 nm.

The electric field dependence of the drift mobility (l13) and the lifetime () of these samples were measured
both in the annealed state (4 hours at 180 C) and in the light soaked state (4 hours at 4 sun intensity). It was
found that the drift mobility (i) increases with increasing electric field, while the lifetime (t) decreases
with increasing electric field, and the Lt product is essentiall y independent of the electric field in the range
from 2000 V/cm to 9000 V/cm. The fact that the lifetime decreases while the drift mobility increases

indicates the existence of the diffusion limited transport and recombination* in all the samples in both the
light soaked as well as the annealed states. It should be pointed out that in this case, the increase in g with

increasing field as well as the increasing in P with increasing carrier density due to light illumination,

which can possibly be explained by long-range potential fluctuations, 3742 is compensated by the
corresponding decrease in T, which can result in a field independent [t or the commonly observed ohmic
behavior of the photocurrent. In the presence of long range potential fluctuations, one would expect W to

increase with increasing electric field and with increasing carrier concentration.*>*0 Such increase in the
drift mobility do not necessarily lead to an increase in the photoconductivity, since one commonly
observes a corresponding decrease in .

Fig. 15 and Fig. 19 show the electric field dependence of the drift mobility of these samples. The open dots
and the solid dots are the experimental data in the annealed state and the light soaked state, respectively.
The solid lines were obtained through a curve fitting procedure which will be discussed later. It is
important to point out that the field dependence of the drift mobility is less in the light soaked state than
that in the annealed state (Fig. 15 and Fig. 19).

Fig. 14 shows an empirical relationship between the field dependence of the drift mobility and the stability
of the photoconductivity of the a-Si:H films under light soaking. The field dependence is characterized by
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the average change in the normalized drift mobility to the change in the electric field, i.e., AU/AE/N,,
while the stability under light soaking is characterized by the ratio of the pt product in the light soaked
state (4 hours at 4 sun intensity) and to that in the annealed state (4 hours at 180 C), i.e., (LT) /(LT)AN-

Consequently the smaller this ratio is, the less stable the sample is against light soaking.

It is clear from Fig. 16 that a greater field dependence of the drift mobility of an a-Si:H film in the annealed
state indicates a poorer stability under light soaking, and vice versa. This empirical relationship is also
supported by the experimental results that after light soaking the field dependence of the drift mobility of
all a-Si:H films investigated decreases (Fig. 15 and Fig. 14). This empirical relationship indicates that the
amount of light induced degradation is controlled by the generation of defects which are responsible for
controlling the field dependence of the drift mobility in the annealed state. Important applications of this
empirical relationship include the possibility of assessing the amount of expected light induced
degradation without going through time consuming light soaking experiments and possible in situ
evaluation of stability, e.g., during sample preparation processes to find the optimal conditions for stable

samples. The results to be discussed later and was also reported in the literatures.*3in Fig. 16 agree with
our observation that light soaking decreases the magnitude of p4.The light induced defects as well as the
native defects, which serve as recombination centers and trapping centers, can be charged and can form
certain potential barriers or fluctuations. In the transport process, the charged carriers can either go over the
potential barrier through thermal activation or go around the potential barrier through scattering. If the
former dominates the latter, then through simple statistical calculations one can obtain the following
electric field (E) dependence of the drift mobility Ls(E) 44

1y (E) = uﬂexp(—ek‘;”)kT[l_eZ’E_ Z2y (i ILE|S V)
e >
1 () = 1 ool7) i ILEI> V)

£+(1_E_ﬂ)e (_ﬁ»)
eLE LE ~eLE) P\ %T

where udo is the drift mobility without the potential fluctuations, while Vp and L are an average magnitude
and range of the potential fluctuations, respectively.

The range L of the potential fluctuations can be determined through curve fitting using the above equation
to the experimental data shown in Fig. 15 and Fig. 14 (Table IV, “Experimental and curve fitting results for
electric field dependence of mobility.,” on page 39). The range of the potential fluctuations in the light
soaked state (L g) was found up to a factor of 4 smaller than that in the annealed state (L 5y) (Table I). An
increase in the internal electric field leads to increased electronic inhomogeneity in the samples. It has been
previously suggested that such an increase in the inhomogeneity may lead to stabilization of the

degradation process."'5

Our model is similar, but not limited, to the model of long-range potential fluctuations, which has been
conjectured to have significant influences on the transport properties. During thelight soaking process, the
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magnitude (Vp) of the potential fluctuations has a tendency to increase, whereas the range (L) of the
potential fluctuations has a tendency to decrease. But because of the long range nature of the potential
fluctuations, the potential fluctuations should be spatially nondegenerate. Therefore, during the light
soaking process, the magnitude (Vp) of the potential fluctuasions should not increase as significantly as the

range (L) of the potential fluctuations decreases. This is partially evidenced by the experimental results
that the field dependence of the drift mobility is less in the light soaked state than that in the annealed state
(Fig. 15 and Fig. 14).

It is reasonable to assume that the charged defects are responsible for the long-range potential fluctuations.
In a-Si:H, a reasonable candidate for the charged defects is the charged dangling band state (T3+/'). Just as

in the case of neutral dandling bonds (T3°), a fraction of the charged dangling bonds (T3+/ 7) is stable, while
another fraction in metastable, i.e., the density of the latter increases upon light soaking and decreases
upon annealing. The existence of the stable and metastable charged dangling bonds (T3"'/') has been

attributed to the local dipole potential fluctuations.3® In the context of this letter, it is not important to
differentiate whether a T3"'/' defect is newly created or it is converted from a T3° defect. Assuming that the

density (n) of the T5*/" defects is determined by:*041

ne Va/L, (26)

we can estimate the lower limit of the ratio of the defect densities in the light soaked state (g 5) and that in
the annealed state (nay) can be estimated by #; ¢/n,y = L,n/L; o, where Loy and Ly g (Table I) are the

ranges of the potential fluctuations in the annealed and light soaked states, respectively. The results of such
ratios are also included in Table IV.

Table IV. Experimental and curve fitting results for electric field dependence of mobility.

Sample Preparation H WOAN/HOLs | Loy A) | Lis A) | nrg/nan
D Content

THD15 Hot Wire ~1% 1.8 82 64 1.3

THD16 Hot Wire ~11% 53 345 133 2.6

S#1271 | Glow Discharge | ~10% 438 128 33 3.9
B#1 Glow Discharge | ~10% 9.1 383 92 42

In conclusion, by using the photomixing technique we have found that the drift mobility (1L4) of infrinsic

hydrogenated amorphous silicon (a-Si:H) films produced by both glow discharge and hot wire techniques
increases with increasing electric field, and a greater field dependence of the drift mobility of an a-Si:H
film in the annealed state indicates a poorer stability under light soaking, and vice versa. This empirical
relationship indicates that the amount of light induced degradation may be predictable from the field
dependence of the drift mobility in the annealed state. The results can be analyzed employing the model of
the long-range potential fluctuations, as the lower limit of the density of defects (normalized to that in the
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annealed state) after light soaking determined by this model (n s/nay) is about 40% to 80% of the total

density of defects (normalized to that in the annealed state) responsible for SWE which can be estimated
by (LT)AN/(WT) s (Table I). It should be pointed out that our results suggest that the light induced charged

dangling bonds may not affect put by increased recombination, but rather by affecting pg through
controlling potential fluctuations in the sample. It has been found that upon light soaking both t and 4

decease following different stretched exponential laws.* Stretched exponential behavior is typical for

hierachically constrained systems, and transport phenomena appear to provide a barrier or constraint for

degradation phenomena.47

Electric field dependence of mobility of compensated a-Si:H samples

We have previously determined the drift mobility and recombination lifetime in a series of compensated a-
Si:H by photomixing that had been measured earlier by the time-of-flight technique by the Xerox group.
We had found that the drift mobilities decreased as the compensation increases and could be accounted for
by existence of long-range potential fluctuations. To further extend our understanding of the electric field
dependence of the drift mobility as influenced by long-range potential fluctuation, we performed the
photomixing measurements as a function of electric field on several compensated samples in the field
regime from 2000 V/cm to 10000 V/cm. These compensated a-Si:H samples were provided by Dr. R. A.
Street of Xerox and were made by plasma deposition of SiH with equal volume concentrations of BoHg

and PH3. The samples employed had the following concentration ratios of BoHg and PH3 to SiH, in the

deposition gas: 10 and 1073, which will be referred to as the compensation concentration. In order to
measuring the quite low mixing signal of compensated samples, a lock-in amplifier was used.

Fig. 18 and Fig. 19 show the electric field dependence of the drift mobility for compensation 10 and 1073
respectively. The open dots are the experimental points while the solid lines were obtained through a curve
fitting procedure of a statistical model for the electric field dependence of mobility which we will describe
later on. The ranges of the potential fluctuations derived from curve fitting are 570 A and 360 A for the

samples with compensation concentration 10* and 103 respectively. This. results can be explained that
raising the doping concentrations will reduce the range and increase the magnitude of the potential
fluctuations.
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Figure 18. Drift mobility of compensated a-Si:H film with compensation level of
10" versus electric field.
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Figure 19. Drift mobility of compensated a-Si:H film with compensation level of
10 versus electric field.
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Light intensity dependence measurements

In the light intensity dependence measurements, the lifetimes were found decreasing with
increasing light intensity, while the mobilities were found increasing with increasing light intensity (Fig.
14 through Fig. 14) except for the mobilities of the hot wire samples in the light soaked state which show a
peak at an intermediate light intensity (Fig. 14 and Fig. 14).

The decrease of lifetime with increasing light intensity is commonly attributed to the increased
splitting of the quasi fermi levels and thus increased number of recombination centers.

The change of mobility with increasing light intensity essentially is the result of competition
between the enhanced screening effects which reduce the long range potential fluctuations and the
increased change occupation in the localized states due to increased quasi fermi level splitting which
enhances the long range potential fluctuations.

The peak in the mobility versus light intensity curve for the hot wire samples in the light
soaked state indicate that the (charged) defects generated by the light soaking processes are swept through
by the quasi fermi levels when the light intensity changes.
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Photoelectron emmission 1n air from amorphous semiconductors and transparent
conducting oxides

It is well established that photoelectron spectroscopy is a method to determine near surfaces electronic
properties of amorphous semiconductors and detecting chemical impurities on surfaces; however the
technique usually requires an ultrahigh-vacuum environment and is not readily adaptable to analytic
procedures which can ultimately be used on the production line.

If photoemission measurements could be performed in air, it would prove to be a useful technique that
would be readily adaptable for the detection of surface contaminants and monitor cleanliness in the
production environment; in addition, if the photoemission yield could be scanned over small as well as
large areas and non-uniformities detected, micro-shunting problems in solar cells could be identified.

We have available in our laboratory an apparatus that can perform optically stimulated electron emission
from semiconductors surfaces in air. The principle of the technique consists of the following:

When metal or semiconductor surfaces are illuminated with ultraviolet light with the proper wavelength,
electrons are emitted from the surface. The emitted and subsequently scattered electrons can be collected
across an air gap. By maintaining the surface collector distance relatively constant, changes in the

measured photocurrent (which is of the order of 10 10 46 10712 A) can provide information about the
surface, e.g., electronic structure and chemical composition. Any contaminant on the surface, depending
on its photoemission, can either enhance or attenuate the inherent emission from a clean surface. In
addition, the probe can be scanned over the surface and thus provide a two dimensional display of the
surface characteristic. The excitation source consists of a Hg lamp with the 5eV and the 6.7¢eV lines which
are adequate for photoemission from metals and semiconductors of interest for photovoltaic cell
production.

We have performed photoemission measurements on a-Si:H films produced at NREL. Figure 24 shows the

results for a 4 inch by 4 inch sample indicating the non-uniformity due to possible inhomogeneity of
composition and the positioning of the sample substrate in the glow discharge.
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Figure 24. Inhomogeneity of NREL a-Si:H film detected by the Optical Stimulated Electron
Emission (OSEE) technique.
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We obtained a series of transparent conducting oxide (TCO) films from S. Hegedus of Iowa State
University to perform Optically Stimulated Electron Emission (OSEE) measurements. They are consisted
of TCO films of SnO, and ZnO both textured and untextured and films of a-SiC:H on ZnO. Some of the
TCO films were virgin and others were exposed to index matching organic liquids for optical
measurements and then subsequently subjected to degreasing and cleaning with TCE and Freon. This
apparatus enables us to profile the barrier height on a surface up to 4 inches by 4 inches in area in air; thus
it can be employed under normal production environment conditions to monitor possible in-process
surface changes of barrier heights. In our previous report we presented results on a-Si:H films produced by
NREL which revealed some non-uniformity of barrier height due possibly to inhomogeneity of
composition, due perhaps to the positioning of the sample substrate in the glow discharge. We also referred
to some results on TCO samples supplied by Steven Hegedus. We will now present more detailed data on
the TCO samples as well as photoemission from a range of substances that maybe of general interest to
other teams.

The TCO samples described by S. Hegedus are as follows: The TCO surfaces were cleaned with TCE,
freon, and DI water before sending them to us since on index matching liquid was applied to perform
optical measurements on the textured surfaces. In addition a few identical pieces that had not been exposed
to the index matching liquid were run to compare the effect of the degreasing and cleaning in the TCE and
freon. All textured TCO layers were 0.8-1.0 wm thick. The TCE 4375 and 4376 series were exposed to an
organic fluid and then cleaned in TCE and freon. The following is the description of the samples:

Number Sample description

4375-11 text. SnO2 from Solarex (standard device substrate)
4375-12 text. ZnO from Solarex

4375-21 text. ZnO from Uidlity PV Group (UPG)

4375-22 text. ZnO from Harvard (Prof. Gordon’s Group)
4376-11 200 A a-SiC p-layer deposited at IEC on 4375-11
4375-12 200 A a-SiC p-layer deposited at IEC on 4375-12
4376-21 200 A a-SiC p-layer deposited at IEC on4375-21
4376-22 200 A a-SiC p-layer deposited at IEC on4375-22
A virgin sample of 4375-11

B virgin sample of 4375-12

C virgin sample of 4375-21

91539-21 1000 A specular ZnO (no texture) sputtered at IEC
91552-17 200 A specular ZnO sputtered on text. SnO2
91554- 04 1000 A specular ZnO sputtered on text. SnO2

E 1000 A specular SnO, grown on text. ZnO (Harvard)

Results:

The following figures are the resuits of the photoemission from the various combinations of samples
described in the above table. The photoemission in air was obtained using a Hg lamp as the illuminating
source and collecting the electrons across a narrow air gap. The light source and the collector were scanned
over the surface of the sample using stepping motors. The x-steps and y-steps were at intervals of 0.05
inches and the optically stimulated electron emission (OSEE) in arbitrary units is displayed on the z-axis.

The photocurrents were of the order of 101 w0 1012 amps and provide information about the barrier



heights or any contaminants on the surface. Any containments on the surface can either enhance or
attenuate the inherent emission from a clean surface.

Figure 25 through 32 show the results for samples 4376-11, 4376-21, 4376-12 and 4376-22 respectively.
These were 200A a-SiC p-layers deposited by IEC on textures substrates 4375-11, 4375-21, 4375-12, and
4375-22 respectively. The sources of the substrates are shown in the above. These figures show a spatial
variation in the electron yield which may be due to the surface or the interface between the TCO and the a-
SiC layers. The dominant Hg lines responsible for the photoemission are the 5 eV and the 6.7 eV lines. The
optical measurements on these samples have been recently supplied by Steven Hegedus which will allow
us to ascertain surface or volume penetration.

Figure 29 shows the yield from sample 4375-11, the textured SnO, film, which was coated with an organic
index matching layer for optical measurement and then was cleaned with TCO, freon and DI water as
compared to sample A which is a virgin sample of 4375-11, the textured SnO, film from Solarex. It is clear
that the cleaning procedure leaves no residue.

Figure 30 is a comparison of samples 4375-12, 4375-22 and sample B. From the yeild of the samples, it is
clear the cleaning procedures leaves no residue.

Figure 31 compares samples 91539-21, 91552-17, 9153-04 and sample E which are 1000 A specular ZnO
(no texture) sputtered at IEC, 200 A specular ZnO sputtered on textured SnO, , 1000 A specular ZnO

sputtered on textured SnO, and 1000 A specular SnO, grown on textured ZnO from Harvard. The barrier
heights are relatively the same on all these samples.

Finally Figure 32 compares sample A the virgin sample of 4375-11, the textured SnO2 from Solarex with
sample C the virgin sample of 4375-21, the textured ZnO sample from Utility PV Group (UPG). It should
be noted that for sample 4375-21 two regions of stripped increased yield were observed. Visual
examination indicates a yellow discoloring in this region relative to the rest of the film. Hegedus has
indicated that he would be interested in obtaining the absolute values of the barrier heights of the TCO
films after various treatments; we are looking into this matter.

It should be noted that for all the TCO samples have less yields than the p-layers of a-SiC:H deposited on

the TCO films. This is probably due to that the a-SiC:H films have lower bandgaps than the TCO films.
The optical data supplied by S. Hegedus is being analyzed to answer this question.
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Figure 25. Photoemission in air from sample 4376-21: 200 A of a-SiC p-layer deposited at IEC on
layer 4375-22, texture ZnO from Harvard (Prof.Gordon’s Group).
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Figure 26. Photoemission in air from sample 4376-11: 200 A of a-SiC p-layer deposited at IEC on
sample 4375-11, textured SnO, from Solarex (standard device substrate).
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Figure 27. Photoemission in air from sample 4376-12: 200 A a-SiC p-layer deposited at IEC on
layer 4375-12, textured ZnO from Solarex.
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Figure 28. Photoemission in air from sample 4376-22: 200 A a-SiC p-layer deposited at IEC on
4375-22, textured layer ZnO from Harvard (Prof. Gordon’s Group).
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Figure 29. Comparison of the photoemission In air between samples:
4375-11: textured SnO, from Solarex (standard device substrate) and
A: virgin sample of 4375-11.
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Figure 31. Comparison of the photoemission in air between samples of:
91539-21: 1000 .,A’ specular Zn0 (no texture) sputtered at IEC,
91552-17: 200°A, specular ZnO sputtered on textured SnO,,
91554-04: 1000 A, specular ZnO sputtered on textured SnO, and
E: 1000 A, specular SnO, grown on textured ZnO (Harvard).
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Abstract

The technique of photoconductive frequency mixing was employed to separately determine the mobility
and lifetime in a-Si:H and a-SiC:H. Light degradation studies reveal in addition to the decay of the
photoconductivity and electron lifetime, continuous decay of the electron drift mobility was found during
the light soaking process. The drift mobility (lg) of intrinsic hydrogenated amorphous silicon (a-Si:H)
films produced by both glow discharge and hot wire techniques increases with increasing electric field,
while the lifetime () decreases with increasing electric field, and the nt product is essentially independent
of the electric field. We have also found that a greater field dependence of the drift mobility of an a-Si:H
film in the annealed state indicates a poorer stability of the photoconductivity upon light soaking. This
empirical relationship is consistent with earlier observation that light soaking decreases of the drift
mobility in most a-Si:H based ‘materials. This empirical relationship suggests that the Staebler-Wronski
degradation of a-Si:H can be linked to defects that are responsible for the field dependence of the drift
mobility in the annealed state. In addition, the effects of deposition temperature and hydrogen dilution
ratio an the transport properties of a-Si:2H and a-SiC:H were investigated.

Photoemission measurements in air of a-Si:H, a-SiC:H and transparent conducting oxide layers revealed
inhomogeneities of composition or surface contaminates.
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