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Changes of the occupied density of defect states afSi:H upon illumination
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We study the light-induced transient changes of the near surface density of occupied(@&teEundoped
and boron-dope@-Si:H with photomodulated total photoelectron yield spectroscopy. The data show an in-
crease of(E) upon illumination between 0.35 eV abokzg and 0.7 eV belovE (towards the valence bahd
and a decrease in the region of deep valence-band-tail states. The difference signal depends sublinearly on the
laser intensity and reaches a maximumAgf~10"" cm 3 eV ! at a laser intensity of 30 mW c¢m (A\=532
nm). Time-resolved measurements reveal rise and decay times of the order of milliseconds. The experimental
results are explained quantitatively by a recombination model. In the framework of this model, a range of deep
defects around mid-gap energy are singly occupied and neutral at probe-light intensities. Additional illumina-
tion with a laser leads to double occupation of these defects and a decrease of the valence-band-tail occupation.

[. INTRODUCTION In Ref. 4 two microscopic mechanisms for a transient
change of the defect density of states were discussed: weak
a-Si:H has been a major candidate for optoelectronic debond—dangling bond conversfolf or a slow energetic re-

vices such as thin-film solar cells and thin-film transistors.laxation of the defect following a change in occupation of
The defect structure is therefore of great interest. Thdhe defect! Both models require time constants for the lat-
Staebler-Wronski effect, i.e., the metastable increase of thiéce relaxation in the range of milliseconds. Such long time
defect density of states upon illumination has been analyzegonstants are not generally acceptedéefi:H.
extensively over the past decadésn recent years one be-  In this paper we show that the assumption of thermal
gan to focus on transient processes. There have been a nuRf:cupation of states under typical probe light intensities in a
ber of experiments that indicate that there are transierRhotoemission yield experiment is not valid. In fact, if this
changes of the occupied defect density of statea-Bi:H assumption is dropped, the experimental observation can be
upon electrical bias or light bias® One of the experimental €xplained as a charging of the defect states upon additional
methods used in these studies is total photoelectron yieltiumination.
spectroscopy(TPEYS. TPEYS is particularly well-suited
for the study ofa-Si:H surfaces. The relaxed momentum |I. PHOTOMODULATED TOTAL PHOTOELECTRON
conservation requirements and lack of conduction-band YIELD SPECTROSCOPY
structure ina-Si:H allow the extraction of the occupied elec- . .
tronic density of states over nearly the entire band gap di- In conventional photoelectron spectroscopies such as ul-
rectly form the measured yield spectra. The large dynamiéraviolet photoelectron spectroscopyPS or x-ray photo-
range (101 up to 16%1) and high-energy resolution electron s.pectroscomeS), the energy distribution 'of e;lec—_
(AE<0.1 eV) of this electron-emission spectroscopy aretrons excited from the sample by monochromatic light is

ideal for the study of the occupation of band-tail and defecfn€asured. In total photoelectron yield spectroscopy, all of
state the photoemitted electrons, regardless of their kinetic energy,

Hirabayashiet al. first extended the method to a dual- & collectedtotal yield and the energy of the incident light
beam experimertin addition to the probe light the sample IS Varied(4 eV=Aw»=6 eV). The resulting total yield spec-
is illuminated with a laser. They observed an increase in th&Um Y(w) is defined as the number of electrons emitted
occupied density of defect statgéE) in undoped samples from a solld_ into the vacuum per que_nt photoq of energy
betweerE, and 0.7 eV below the Fermi level upon light bias 7«- Fora-Si:H, the spectrum of ionization energiggh »)
(hw=1.9 eV). Here the term “belowE.” refers to energy ~C&n be obtained as follows:
levels towards the valence band. AY(hw) d

In Ref. 3 it was shown that these changes occur on the 4 w ., 9
time scale of milliseconds. The analysis of the data was Stho)«[fho] fhw * dﬁwY(ﬁw) ' @
based on the assumption that the occupation of defect states o )
is not disturbed significantly at probe light intensities. ThenThe derivation of Eq(1) is based on the three-step model of
for negligible correlation energy, all states which are belowPhotoemission. The energy dependence of the average opti-
the Fermi energyEg by more than a fevkgT are fully oc- cal t_ransguon—nl%tnx elemerR(w) is approximated by the
cupied without laser bias and no increase due to reoccupatid§'@tionR“=7» . If one neglects the energy dependence of
is possible upon additional laser illumination. Furthermore itthe matrix element Ec(1) reduces to
was shown that even for a finite correlation energy the data q
\(/:vz;r;nggsbfmeexglamed if thermal occupation under probe light S(hw)o dﬁ_Y(ﬁw)' )
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Yield spectroscopy is a surface-sensitive method with a
probe depth of the order of 10 nm for photon energies of 4—6 2
eV. ThusS(% w) gives information abouboththe density of 10
surface states and the density of near-surface states. For zero =
correlation energy the spectrum of ionization energies >
S(% w) may be identified with the density of occupied states «
g(E) according tog(—E)=S(%#w) if the energy is set to £ 10

g

on

T f i

undoped a-Si:H / a) .

laser bias
illumination

zero at the vacuum level.

The ionization energies of singly and doubly occupied
states are different in the case of a finite correlation energy. 10
The relation betweeg(E) and the one-electron density of }
statesDY(E) (strictly speaking the one-electron density of 4 S 6
ionization energiesmay be written in the form energy below vacuum level (eV)
I I 1

1E b) 3

B e e R

9(E)=f%E)DY(E)+2f (E-UgmD E-Ugy. (3

[y
<

Here U is the difference between the ionization energy of
a singly occupied state and a doubly occupied state, and
fO(E) andf~(E) are the occupation probabilities for single
and double occupation of a state at enefgyespectively:
In the absence of lattice relaxatiddy, is identical to the
Coulomb energy differencd . for singly and doubly occu-
pied states. If there is a significant lattice relaxation, no
simple relation betweeB!(E)andg(E) exists For conve-
nience, in what follows we refer tg(E) as the occupied 4 5 6
density of states in all cases. energy below vacuum level (V)
If the generation rate im-Si:H due to the probe light is
low enough the occupation of the defect density of states FIG. 1. Occupied density of statg¢E) of a-Si:H under probe
should still be in thermal equ“ibrium_ Thus, neg|ecting alight excitation(a) and upon additional laser illumination and the
finite correlation energy it should be possible to determinglifferenceAg(E) of the two spectrab).
the density of states from E(B) by simply dividingg(E) by
the Fermi-Dirac distribution function. This approach has Undoped and boron-dopeatSi:H films were deposited
been applied in Ref. 15 fan-type a-Si:H to determine the by the rf glow discharge decomposition of silane and diboran
density of conduction-band-tail states. on stainless steel substrates. The deposition temperature was
A major extension of the method is photomodulated totalysq °C, the rf power 5 watts, electrode area 25 celec-
: 47,8 . ..
yield photoelectron spectroscopiPM-TPEYS.™"" PM-  trode distance 2 cm, gas flow 4 sccm, deposition pressure 0.3
TPEYS is a dual-beam experiment. The pump light is used t@ar, deposition time 1 h. The samples were transferred un-
modify the properties of the sample without producing pho-ger yHv conditions directly after the deposition to a UHV
toelectrons. The occupied density of staE) and its  5n5)ysis chamber where the work function, transient and sta-
changes due to the pump light are examined with the probg, oy surface photo voltage of the samples were deter-
light beam that produces photoelectrons. Typical probe lightined with a Kelvin prob¥ and the occupied density of

energies in our experiment are 3—6 eV and intensities of theg;iag by total photoelectron yield spectroscopy.
order of 10uW/cn?.

The photomodulation of the yield spectra was measured
using a frequency doubled Nd:YAGyttrium-aluminum-
garne} laser (532 nm, |,,,=30 mW cm ?) as bias light ll. RESULTS
source or a HeNe las¢833 nm, 180 mW/crf). Details have A. Steady-state measurements
been published elsewhete.

In what follows the index_ refers to laser illumination
and the indexY to probe light conditions. For both, probe
light (fwy) and pump light fw,) the relationiw=Eg is  ajized to 162 cm 3ev ! at 6.2 eV following the proce-
valid. . ) . . dure given in Ref. 12. The Fermi energy was measured with

Here E is the optical gap of-Si:H. Thus the major 5 elvin probe. It is positioned at 4.35 eV below the vacuum
effect of both probe and pump light on the sample is theyel. The integrated near-surface density of defect states
generation of electron-hole pairs. The generation @tr  amounts to %107 cm™>. Upon illumination with the laser
these pairs depends on the light intensity and the absorptidfeam there is a transient increaseg¢E) between 4.0 and
coefficient of the sampl%. For probe light intensities 5.1 eV below the vacuum levéFig. 1). The maximum en-
G=10"-10"® cm 3s ' in our experiment, depending on the hancement at 4.75 eV corresponds tel0Y states
energy of the photons. Generation rates@f=107-10** cm 2eV ! and the integrated number of photoinduced states
cm 3s ! are achieved under pump light illumination. with ionization energies between 4.3 and 5 eV amounts to

Ag(E) (¢cm -3 eV -1)

1
—_
eh—‘
~1
T
1

Figure 1 shows two typical occupied density of states
spectrag(E) at probe light intensity G=Gy) and upon la-
ser illumination G=Gy+G,). The spectra have been nor-
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40 T use for statistical reasons the low-temperature (&0) for

o this comparison. The increase afY can be described by a
° % ] power-law behavior &%) for low generation rates. A phe-
nomenological expression farY(G) can be derived if one
assumes that there is a light-induced conversion of reservoir
of statesN° with a rate constant; and the annihilation of
AN(t) with a rate constant,:*
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EYociAN(t)=rl[NO—AN(t)]—rzAN(t). 4

dt dt

In the microscopic models discussed below it will be shown

thatN° is either the number of singly occupied defects that is

o 7 converted into doubly occupied defeddN, or the number

0 30 100 150 200 250 300 350 400 450 500 of defects in a configuratioB® that change their ionization
TK) energies due to slow lattice relaxation or the number of weak

bonds that is converted into defect stad$ (i.e., precursors
FIG. 2. Temperature dependence of the modulatiofYY at  of the Staebler-Wronski effect

hw=4.8 eV, i.e., the increase of the integrated spectrum of ioniza- r, is assumed to depend on the light intensity as

tion energies integrated up to that photon energy upon band-gap

illumination for undoped-Si:H (several samplg¢snd boron-doped [ G r

M1=ro =

p-doped a-Si:H

AY/Y (arb. units)

—_
=)
T

ju}

a-Si:H (100 ppm). The solid lines are guides to the eye. Details are G
0

given in the text.
The steady-state solution of E@}) is then
3.5x10'° cm 3, i.e., ~10% of the total number of deep de-

fects. For Boron-doped sampl&00 ppn) a similar increase AY(G)= ; (5)
of g(E) is observed. Go|”
To determine the temperature dependence of the laser- 1+ G

induced signal we have measured the steady-state increase of ) ) ) o }
the yield signalAY=Y(Gy+G,)—Y(Gy), at a probe light G0ood agreement with the intensity dependence in Fig. 3 is

energy of 4.8 eV. According to E@2) this is essentially the Obtained forGo~9x107° cm™*s™* and 77:0-66110-17'3” qu

increase in the integrated occupied density of stg@) case of undoped samples ar@,=1.5x10"" cm s,

from the vacuum level to a binding energy of 4.8 eV if in 7=0-37+0.1. In time-resolved experiments, which will be

addition to the probe light the sample is illuminated by thediscussed in the next section, one expects the rise to depend

laser. The result is shown in Fig. 2. For the undoped sampl@n "1 > and the decay time constant to bg=r, .

the signal decreases very weakly between 120 and 350 K.

Above that temperature, however, the signal drops to zero B. Transients

within ~100 K* For boron-doped samplésY increases sig- The transient response of the light-induced yidl at

nificantly with decreasing temperature in the whole temperaz g e\ and maximum pump light intensityG( =2x 107

ture range ‘?Xﬁm'”ed- ) ) cm 3s7Y) is shown in Fig. 4. The data were obtained using a
The relative enhancementY/Y of the photoinduced sig- itichannel analyzer in combination with a light beam

nal at a binding energy of 4.8 eV as a function of the genhopper. Up to 10 000 cycles were necessary to obtain suf-

eration rate is shown in Fig. 3. For tipedoped samples We  ficient accuracy. Since the decay transient is not fully relaxed

when the next cycle starts the transients in Fi@) 4tart at

AY#0. The return to the dark level is shown in Figb¥ It

3

10 ndoped &S iR 150K ' is about a factor of 10 slower than the rise time. Both rise
_ £ undoped &8 i:H,, 300 K EI%B T and decay transients slow down with lower temperature. The
5 102k O p-dopeda-Si:H, 5°§ B ons - rise transients can be fitted with a single exponential with
o R Gy =9x10% e 51 time constants,, as indicated in Fig. @). In contrast to the
% B e 3%10% e 51 model of Eq.(4) the longer decay transients cannot be de-
s 10!k BV“A'" 00 scribed by a single exponential decay function with time
; a7 000 oy constantry. We use a superposition of exponential decays
< -5 9;0.37“_0.07 with distribution functionP(r4) for the time constants:

100 G, =1.5%x10% om? s +/- 2x10%! em? s' .

' ' ' ! : : o —t/rg
107 108 10 102 102! 102 102 Y(t) fo P(rq)e Y7ddry. (6)

G(cm‘3 s'l) . . . .
Often in solid-state physics decay time constants are con-

FIG. 3. Light-induced relative yield enhancemeny/Y as a hected by an exponential relationship with a microscopic
function of the generation rat@ of electron-hole pairs for undoped Ccontrol parametefsuch as the tunneling distance between
a-Si:H (150 and 300 Kand boron-dope@-Si:H (100 ppm. The localized states or the thermal activation energy for the rate
dashed lines are fits according & (G)=1/[1+ (Gy/G)7]. limiting step. Even without specifying the microscopic
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0.00 0.02 004 0.06 0.08 0.10 FIG. 5. Comparison between the initial slope decay time con-
time (s) stants of the surface photovoltage transients extracted from Fig. 6
and the time constants for rise and decayAdf upon illumination

FIG. 4. () Rise of the laser-induced yield signal at 4.8 eV for from Fig. 4. As can be seen, the decay of the surface photovoltage
150 K (data and fit and 300 K(fit only). The modulation period transients is more than one order of magnitude slower than the
was 0.1 s. The decay transient has not reached its minimum valugecay of the change iAY, and exhibits a different temperature
yet when the rise transient begins. The minimum value thus had tgependence.
be determined separatelgh) Decay transient at 300 K. The fit
consists of a superposition of exponential decay transients accorggnction f(E) or a change in the one-electron density of
ing to the time cqnstant distribution shown in the inseftyy is statesD(E) or both.
used to characterize the decay. A change inf(E) can be due t@¢1) a change in the occu-

. . ) L pationwithouta displacement of electrons relative to holes in
mechanism for the transient yield changes it is therefore r€%pace, i.e., without a change in space charge den@tya
sonable to transfer the distribution functi®{r,) to a loga- change in the occupation including a displacement of the
rithmic scale. With the substitutiorn=In(74/1s) the corre- charge in space.
sponding distribution functiop(x) is then related td(7y) If a change inf(E) is accompanied by a displacement of

by net charge in space, a change in band bending is to be ob-
served. We thus performed photomodulated time-resolved

— X X
¢(x)=P(10%9)In(10)10%s @ Kelvin probe experiments. The aim was to find out whether
with the inverse relationship the change ing(E) observed in PM-TPEYS is due to a
change in surface band bending upon illumination.
o[logy g 7¢/s]] What can be the origin of a change in the density of states
P(7q)= Tn[10]7y () D(E)? Two microscopic mechanisms have been examined:
¢ (3) The precursor of the Staebler-Wronski effect, i.e., tran-
We use as an ansatz a Gaussian distributionp{or): sient opening of a weak bond in an exciting state creating
two dangling-bond defects for a limited timet) defect re-
1 [x—xo]2/[202] laxation, i.e., the evolution of its total energy after change of
P(x)= erxo : 9 . \ :
27a its occupation. In what follows the four models will be dis-

cussed.
The parameterry in Eqg. (4) has thus to be related to the

average valug, of the logarithmic time constant For the
fits in Fig. 4b) 0=1.5, 74 max=109s=0.01 s at 300 K and
0=0.7, andry4 m=0.04 s at 200 K. The insert shows the  Hydrogenated amorphous silicon exhibits surface band
decay time distribution for 300 K. Both rise and decay tran-bending®'”*®The band bending changes upon illumination
sients slow down with decreasing temperature. The time cor&nd results in a surface photovolta@V). Since photoelec-
stants as a function of temperature are shown in the loweifon yield spectroscopy is a surface-sensitive technique the
part of Fig. 5. analysis of the influence of a change of surface band bend-
ing, which is usually accompanied by a change in the occu-
pation of surface states and surface near defects upon illumi-
nation is very important for the photomodulated yield
Our analysis of the data is based on ER).which results  spectra. We have measured the change of the contact poten-
from the three-step model of photoemission. In the limit oftial difference(CPD) of our samples upon illumination with
zero correlation energy EQ.(3) results in g(E) a Kelvin probe. In undoped-Si:H the bands “bend down”
=2f(E)D(E). A change ing(E) upon laser illumination upon illumination relative to their dark position by 100 mV
can in general either be due to a change in the occupatioat laser intensities comparable to those used in the photo-

A. Surface photovoltage

IV. DISCUSSION



4526 GRAF, LEIHKAMM, WOLF, RISTEIN, AND LEY 53

CB n,
10% ¢ £
336K L ; oo yn
10! A%GT) | ANGT)
_—D'
10° m . u.“n G o0 | o
25 -
10 101 300 AGD AYGT)
1] 1] Ppr
10 A 0 2 aomy B [l Y} { o } p
—
AGT)

FIG. 7. Generation and recombination transitions of our model.
The transition coefficient&/(G,T) take into account the fact that
only free carriers recombine. Details in text.

B. Rate-equation model for the occupation of defects

In this section we consider changes in the occupation of
defects and band-tail states under strong illumination. There
have been a number of publications on the occupation of
defects ina-Si:H upon illuminatior?®® Major simplifica-
tions are possible in the determination of the occupation
functions if thermal excitation from defects can be neglected.
Our approach is based on Ref. 2. The integral quantities con-
sidered in our model are;, density of free electronsigy,

D3 density of electrons in the conduction band tall;, density

surface photo voltage Ugpy, (mV)

125K

10!
of negatively charged dangling bond¢®, density of neutral
o . dangling bondsN™, density of positively charged dangling
10 0 50 30 20 30 60 10 0 10 20 30 40 50 60 bonds;pgy, density of holes in the valence band tai,

density of free holes.

The relationship between the density of electrons and
holes and the population of the dangling-bond states under
FIG. 6. Rise and decay transients of the surface photovoltaggteady'stat? illumination .'S govern.ed by the_ transitions
upon laser illuminatior(532 nm, 50 mW/crii?) for various tem- shown in Fig. 7. Generation of carriers is restricted to the
peratures. excitation of electrons from the valence band into the con-
duction band. Thermalization to the band edges is assumed

] ) to be fast. Furthermore, we assume that recombination oc-
modulated yield experiments. In 100 ppm boron-dopedrs only via transitions from extended to extended or ex-

samples the bands beng by 100-200 mV. Thus the effect tended to localized states. Thermal excitation from deep de-
of surface band bending on the occupation should be of opfects is neglected. This is a valid assumption if the
posite sign. However, the transient changes observed are gtcupation of the defect states is dominated by recombina-
the same sign for undoped and boron-doped samples. Fuion of photogenerated electrons and holes. In order to show
thermore, we have measured the decay transients of the suhat this assumption is justified to describe our experiment
face photovoltage as a function of temperature with a resonot only for pump light intensities but also for probe light
lution of 0.1 s. The result is shown for various temperaturesonditions we apply the Rose criteri®hAccording to Rose,

in Fig. 6. The rise of the signal cannot be resolved experithermal emission rates from defegs, e, can be neglected
mentally. The decay transient consists of a fast and a slovf they are small compared to capture rakesf electrons or
component labeledp; (7ps) and 7o, (7p4), depending on  holes. The capture rate of an electron into a neutral defect is
the temperature regime. Details of the experiment will beusually written in the form

presented elsewhere. The time constants extracted from the o 0
data are shown in the upper part of Fig. 5. Rn=Nunon. (10

Also shown in Fig. 5 are the time constants and  Heren; is the concentration of electrons in extended states,
Ta,max Of AY for rise and decay determined as shown in Fig.p,, is the thermal velocity of the carriers, and is the
4. The decay times foAY differ from those of the surface capture cross section of a free electron into a neutral dan-
photovoltage by 1-2 orders of magnitude. We thus infer thagling bond. Similar relations hold for the other transitions.
the change irg(E) is a local process in contrast to the oc- The thermal excitation rate of an electron from a negatively
currence of a SPV which requires charge separation. Thereharged defece, (E) is given by
fore we can assume that the changeg(&) are not due to B
a change in surface band bending. vy (E) =g e~ (Feeme™EVkeT, 11)

time (s) time (s)
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Here Ecgye IS the conduction-band mobility edge. Using AYG,T)=[v(T)d%f (G, T)],
vth=107ccm/s,o-2~10‘15 cn?, n;>10 cm™3, yy=10"2s?! oG T =Lon(opfe(GT)]

at and below room temperature the relatief (E)<R? AS(GT)=[vn(T)os fo(G,T)]
holds for states situated by more than 0.6 eV below the L T et
conduction-band mobility edge. Similar relations are validand

for neutral and positively charged defect states. As will be

shown below, free carrier densities of the order ofin 3 A(G,T)=fwno®T[1-f,]+fomo'f,
can be obtained even for probe light intensities in a photo- it BT f 21
electron yield experiment. Considering a mobility gap of pUPT [ nl- (2D
about 2.0 eV fola-Si:H and Symmetrical conditions for elec- O-f and o' denote the capture cross sections for the transi-
trons and holes for our rough estimate, the occupation of §on from extended to extended and extended to band-tail
range of defects 0.5 eV around mid gap should be detelstates, assumed to be identical for electrons and holes, re-
mined exclusively by the balance of electrons and hole capspectively. The coefficiem, for bimolecular recombination
ture. For these defects thermal excitation of carriers can bgonsists of the recombination of free electrons with free

neglected and the model outlined below holds. The energy dioles, free electrons with holes in the valence-band tail, and
such a defect does not enter into the model and the occup@ee holes with electrons in the conduction-band tail.
tion functions for the dangling bonds do not obey Fermi The replacement af; andp; by f,n andf p in the above
statistics but instead’=N®/N, and then™=N"/N, are in-  equations is particularly useful if it is possible to show that
dependent oE. f, and f, are approximately independent of the generation
The rate equation model defined by Fig. 7 can be simplirate. In order to determing, for electrons, we apply the
fied if one defines the fractions of free carriers in extendedsoltzmann approximation to obtain an approximate value for
states to the total amount of excited carriers in extended anghe ration,/ngy. The value does not depend on the position

(20

band-tail state$, andf, by of the quasi-Fermi-level for trapped electrons as long as

kgT>Ecgr, WhereEqgr is the characteristic energy of the
__ M £ = Ps (12) slope of the conduction-band t&#i.For lower temperatures

" netngr’ P pitper f, has to be determined numerically. Our analysis gives

Using these ratios we define effective transition coefficientgf‘%o'1 at room temperature _for a conductlon-band-_t_aul slope

Al andAl by of Ecg=25 meV z{nd agensny of states at the mobility edge
n P of Negme=107 cm 3 eV L. The value is independent of the
Al =nfope, i=0+, Aip: pfpvtho.ip’ i=0,— generation rate at 300 K within a factor of 3. At higher tem-

('13) peratures it is independent @, at lower temperatures it
. N o _exhibits a strong dependence on the generation rate. In addi-
which get an additional implicit temperature dependence Vigion, f | decreases rapidly with decreasing temperature below
fn andf,. Heren=n;+ngr, p=p;+pgr. With the above 300 K. f, exhibits a stronger dependence on the position of
definitions the rate equations under steady-state conditionge quasi-Fermi level for free holéand thus on the genera-
are as follows(see also Fig. 7 tion ratg. For Eyg7=50 meV andNygye =101 cm3eVv?
q f,=10"* (107°) for Er,~Eveve=0.4 €V (0.5 eV) at room
0= d—nzG—Aﬁ(G,T)nNO—An*(G,T)nw—At(G,T)np, temperature.
t We point out here that the strong asymmetry betwkgen

(14) andf, in a-Si:H is due to the different slopes of the valence-
d and conduction-band tails.
0=—N"=A%G,T)n NO—A;(G,T)pN*, (15) Our theoretical estimate fdr, andf, may be compared to
dt fo.arift= Hon/ on @NA T 5 4= sop/ oy, 1-€., the ratio of the

free carrier mobilityug and the time-of-flight drift mobility
up for electrons and holes. According to Ref. 19 typical
values aref,, 4ix~0.07, f, 4ix=~0.003. Sincef,<f,, Eq.

0 0 (21) can be simplified: the major contribution is due to the
—Ay(G,T)pN", (16) recombination of free electrons with holes in the valence-
band tail.

The final boundary conditions that determine the solution
are the equation for the conservation of the total number of
dangling bonds and the conservation of charge. The former
can be written in the form

d _ _
0=aN°=A;’(G,T)nN++Ap(G,T)pN —A%G,T)nN°

d
0= N*=A}G.T)pPN~AJ(G,T)nN*,  (17)

d B _
p=G—ASG,T)pN— A, (G, T)pN™—A,(G,T)np.

0=t
(19) N,=N*+NO+N". (22)
The transition coefficients are given by The equation for the conservation of charge can be written in
the form
ANG,T)=[v(T)opfa(G,T)],
(19 Q _ a4 i ppe 20 23)

AL (G T)=[vn(Ta, fa(G,T)], eN, e N, -
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TABLE |. Capture cross sections and transition coefficients as- To summarize, we have formally reduced the more gen-
sumingf,=0.1 andf,=10"* (f,=10"°); scattering cross sections eral rate equation model defined by Fig. 7 to the one dis-

into defects have been taken from Ref. 23=10" cm/s. cussed by Ref. 2. Our model makes a distinction between
— ; : : - free carriers and carriers in band-tail states. Due to the asym-
Transition ol () Al=fiolvy, cm’s™) metry of valence- and conduction-band-tail slopeaiti:H
D%+ p—D* 8x 10~15 A%=8x 10712 and thus the fact theft,<f,,, we have been able to simplify
(8x10°12) the equations. As a result, there is a strong asymmetry be-

tween the effective transition coefficients of electrons and

-~ +p—pP° —14 — —12 ) " ;
D +p=D 2x 10 AF()2><21>(<)*1?1) holes, in contrast to Ref. 2. In addition, due to the generation
D% D1 2 7%10-15 AO—2 7510~ rate dependence df, _(gt low te_m_peraturesand f, below
D* 4100 1 éx 10-14 Aﬂ_l‘ 3%10-8 about 600 K the transition coefficients do also dependon
n— ' 16 N It is this dependence which will finally explain the redistri-
n+p—/ 5x10 Ar=5x10 bution of electrons seen in the photomodulated photoyield
experiment.
From the above equations it follows that
HereQ is the charge per unit volumé& does not include the
charged donors or acceptors. Their occupation is assumed to q_[1 o AN
be constant. Furthermora®=N*/N,, n°=N%N,, and P b Sl 3 :N—r[p—“]' (24)
n~=N7/N,. g/e is positive forp-doped samples, negative
for n-doped samples, and zero for undoped samples. with
Ne aono+a-n-1l [ 1+ A 1/2 25
n=_-——[An n = -1|,
2Ar[ P ph [N AN+ A N AN +A n*] (25)
and
N, 4A,G 12
= [AN°+AIn"] | 1+ -1 26
P= oA LA An | 14 F AT A AT+ AT ] ' (29
1 1 {nO}Z 1/2
n'=5l1-n’l= | Z{1-n%P- =] 27)
- 1 1 {n0}2 1/2
n =§[1—n°]1[z{1—n0}2— allE (28)
|
B is defined by is zero,q/e=0. It has been shown in Ref. 2, that at low
0nNe  A-AF generation rate the above equations reduce to
N°N
B=N"N AIAT 29 0_ .0 B

~ — tTan ~
_ _ n ~nmax——,—[2+lglz], n"=~n ~ 2 A (30
As has been pointed out by Ref. B,fully determines the
occupation of the dangling-bond states in undoped material G 1 G
at low generation rates provided thermal rates can be ne- N~ -5+ P~ 00 ~——
glected. Although the transition coefficients depend on the Ny [Apn®+Agn N [Ap”0+Ap n
generation ratés in our approachg is independent of5  The reason fon*=n" is thatn,p<N,n*, N,n". As one
sincef, andf, cancel in the definition op. can seen® andn~ are independent o and T in this re-

The upper sign in Eq927) and28) refers to a positive gime. Thus in this regime the TPEYS spectra of undoped
average charge in the defects, the lower one to negatively-Si:H should be independent of probe light intensity and
charged defect® is given by Eq.(24), with G to be the temperature.
only parameter. The roots’ have to be determined numeri-  The transition between low and high generation rates has
cally in most cases. In the following we discuss the solutiono be determined numerically. We use the bulk capture cross
of Eq. (24) for g/e=0 (undopeda-Si:H) and g/e=1 (p-  sections given by Ref. 22, a velocity of the free carriers
dopeda-Si:H). vy=10" cm/s and the ratio§,=0.1, f,=10"* (f,=107°).

_ The resulting transition coefficients are given in Table I. The
1. Undoped a-Si:H near-surface density of defect states was obtained experi-

In undopeda-Si:H the average number of electrons permentally to beN,=10"" cm 3. In Fig. 8 the result of our

defect is approximately 1, i.e., the average charge of a defectumerical solution 1‘0|fp=10‘4 andfp=10‘5 is displayedn

. (31
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portional to the integrated increase of occupied density of
defect states. The relative increase of cufvén Fig. 8a)
shows the normalized fit for undopedSi:H in Fig. 3 on a

o linear scale. The observed transition occurs at lo@ehan
O(-T-' predicted by the modelG, can only be reproduced if we

= either assumd,=10"° for N,=10"" cm® or f,=10"" for

‘s N,=3x10"cm 3. f,=10"°is not compatible with the spec-
Og“ tral shape of our data. Since the experimentally observed

defect density isN,=10"1" cm ™3, N,=3x10"® cm3 is

only consistent with our data if part of the experimentally
observed defect density does not contribute to the increase
observed. This may be due to the fact that our model neglects
thermal rates. Since only defect states between the quasi-
Fermi levels for electrons and holes are optically occupied,
N, may be smaller than the total number of defects.

Another discrepancy between our model for constant
and the experimental data is the slope of the transition re-
gion. A fit of Eq. (5) to n"°+2n" in Fig. 3 givesz=1. The
experimental value, however, i8=0.66+0.1, as shown in
Fig. 3. This discrepancy can be explained by the fact that the
dependence of, on the generation rate has been neglected
in our numerical calculation. Qualitatively,, increases at
higher generation rates. Thus the transition region is broad-
ened. This results in a reduction gf A quantitative com-
parison can only be performed in a self-consistent numerical
simulation beyond our semianalytical approach.

FIG. 8.n% n™, n, andp as a function of5 for undopeda-Si:H. We next turn to the discussion of the spectral dependence
Constant effective transition coefficients are assumed. The soli@f the photoinduced yield signal. In Fig. 9 the experimental
lines correspond t6,=10">, the dotted lines té,=10"", f,=0.1,  data of Fig. 1 are compared with the result of our simulation.
defect densityN, =10 cm™2 in both cases. Also shown is the fit In the upper part of Fig. 9 the experimental spectg(®) is
from Fig. 3[F in Fig. 6@)] for 7=0.66, Go=9x10%° cm 3572, shown for probe light intensitiesdy) and for laser illumi-

The line labeledVl corresponds tt, =3x 10 cm™3 andfp=1O’5. nation (G, ). The theoretical spect®(Gy) andg(G,) have
been obtained according to E@®). As mentioned above\,

and p are the electron and hole densities, the fraction ofis smaller than the experimental value for the integrated de-

singly occupied defects is labeled, that of doubly occu- fect density of states, most likely due to the fact that defect

n,p (cm™)

loglo(G (cm'3 s'l))

pied defects1”, and the average charge per defett 2n . states outside the region between the quasi-Fermi levels are

n* can be obtained from the relation +n°+n*=1. still in thermal equilibrium. This hypothesis is supported by
At low generation rates) andp increase linearly with the the fact that the maximum of the increase occurs at an ion-

generation ratds. In this generation rate range® andn™ ization energy of 4.8 eV, i.e., approximately at mid gap. A

are determined by and do not depend o6 significantly. ~ Gaussian shape for the one-electron density of defect states
Sincef,<f,, more holes than electrons are trapped in bandD*(E) within the quasi-Fermi levels is therefore assumed
tail states due to the asymmetry in the effective recombinawith integral valueN,=3x10"16 cm™3. The occupation fol-
tion coefficients. The difference in chargesp, gives the lows from our rate-equation modei®=0.64,n~ =0.18 for
density of electrons trapped in defects. Since those are, hovy, andn®=0.15,n~=0.84 for G, . An optical correlation
ever, much more than andp, they are still neutral on the energyU,,=0 gives an upper limit of 1 for the relative
average. increase ofg(E) upon illumination. Since our data show

If the generation rate is increasqulapproaches the den- g(G,)/g(Gy)~4 at 4.25 eV(see insert in Fig. PU,,; must
sity of defectsN,. Then for reasons of charge neutrality a be greater than 0. We assurbg,=0.1 eV. However, our

significant charging of the defects takes place. data is not very sensitive t0 .
At sufficiently high generation rates all defects are finally ~The dotted line in Fig. @ with a maximum at 5.4 eV
doubly occupied. In this range~ pe=G°>, gives the change in the density of trapped holes. The area is

In analogy with Fig. 3, the transition between low and equal to the increase of the charge in the defect states. In Fig.
high generation rates may be characterized by a generati®tb) the difference spectra are shown. As can be seen, the
rateG,, where the increase in the average defect occupatioaxperimental data can be fitted quite well in the energy range
n®+2n~ reaches 50% of the maximum value. As can befrom 4 to 5 eV. For statistical reasons no information is ob-
seen in Fig. 8, a reduction df, by one order of magnitude tained about the shape of the hole distribution.
shifts the transition region by one order of magnitude to Finally, within our approach, the time constants can be
lower generation rates. In our mod®}, depends on the gen- estimated as follows: to charge 10defects per crhat a
eration rateGoecf , 'N 7. generation rate o6=10"* cm 3s™! takes at least 17 s.

To compare the model with the relative increase of theThis value is close to what we observe fgrat room tem-
yield AY/Y (Fig. 3 we point out than®+2n~—1 is pro-  perature. Recombination of the excess carriers in the defect
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FIG. 9. Spectral changes in the pseudogaa-&i:H upon ad- _ (32
ditional illumination according to our model. The solid lines corre- [A2n°+ArTn+] )
spond to the experimental data, the broken lines are theoretical fits.
0 K p
Details in text. For p-type materiah™ ~1>n%>n". Furthermore, since the

conduction-band tail is much steeper than the valence-band
states after the pump light has been switched off, on the othdail, f,<f, and thusAp,A, <A} Ay . Equation(32) re-
hand, occurs at probe light intensities and will thus takeduces to
much longer. However, a more complicated numerical ap-

proach is required to compare the time constants gquantita- 011/2 1
tively. 1-[1-2n"] :[Nr]z{[Ag—no] - (33
2. Boron-doped a-Si:H Since n°<1, the square root on the left-hand side can be
We restrict our discussion tg/e=1. This is a good ap- expanded to give
proximation to describe boron-doped samples with a doping 05
concentration of BHg=100 ppm. In this case all defects are N%(G,T)=n°N, = G (34)

positively charged in the dark. In Fig. 10 the numerical so-
lution of Eq. (24) for g/e=1 is shown. The transition coef-
ficients used were the same as those for undap&i:H  Equation(34) shows that the density of singly occupied de-
(Table ), the defect density is higher than that in undopedfects does only depend on the generation rate and the effec-
material. In the computation we todk =10 cm™3. In con- tive capture coefficient of holes in@° states. For a constant
trast to Fig. 8a) we choose a logarithmic scale for the plot of transition coefficientAg, NC is thus proportional taG%®,
the fractionsn® andn ™. The dependence o’ andp on the  The second feature of E¢34) is that the total number of
generation rate differs considerably from undoped materialelectrons in defects does not depend on the absolute number
Both density functions increase proportional@3° at low  of defect states.
generation rates. At a sufficiently high generation rate all We make use of these results and give a quantitative ex-
defect states will again be negatively charged. The samplanation for the observation in Ref. 11. It was found there
saturation values as in undoped material are obtained. thatg(E) in boron-doped samplé8,Hs=100 ppm depends

In order to obtain an analytical expression f¥(G) at  on the temperaturéFig. 11). Note that in these experiments
low generation rates we use the approximation given by Egsamples were only illuminated by the UV probe light of the
(31) which also holds for the case of doping. Equati@d) photoyield experiment. According to E(4) this can only
for the conservation of the total charge is now reduced to be due to the temperature dependenceA@(G,T), since

T [ANG, T
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FIG. 13. Metastable changes of the integrated change of the
34 39 44 49 54 59 64 occupied density of defect statesafSi:H g(E) after 12 h of illu-
mination with white lighttAM 3). Above an initial defect density of
about 2<10Y" cm™2 a decrease is observed upon white light illumi-
nation.
FIG. 11. Temperature dependence of the occupied density of
states of boron-doped-Si:H according to Ref. 7. As the tempera-
ture is reduced, the number of trapped carriers increases. Ag(G,T) as obtained from the spectra of Ref. 7 and 4)
is plotted as a function of temperature. The axis on the right-
hand side gives the corresponding rd@mssumin@th=107
G =Gy was kept constant. In our model the temperature dem/s andgg:8x1o*15 cm 2. The temperature dependence
pendence of Ap(G,T) is due to the fact that can be seen quite clearly. It changes over more than 2 orders
fo=p¢/(Ps+ Pgr) depends on the temperatJigq. (20)]. If  of magnitude between 200 and 400 K, in accordance with the
we assume that the occupation of the band tail can be deheoretical estimate.
scribed by a quasi-Fermi function with a quasi-Fermi energy  Thus the simple rate-equation model does in fact explain
independent off, a numerical analysis gives a reduction of g|| the features exhibited by a photomodulated photoelectron
f, of 3—4 orders of magnitude within the temperature ranggjield experiment. For completeness in what follows we
considered. This strong temperature dependence is reducgglefly discuss further microscopic effects that have been
by the fact that the total number of holes increases withsuggested as an explanation to our experiment. It cannot be
lower temperature, thus shifting the quasi-Fermi energy tofully excluded that they give aadditional contribution to
wardsE,gye - As a result a change over about two orders ofthe experimental finding.
magnitude is expected theoretically.
Typical probe light intensities in a yield experiment are of
the order of G=10"® cm™3 s at 250 nm. In Fig. 12

energy below the vacuum level (eV)

C. Precursor of the Staebler-Wronski effect

In addition to a charging of the defect states upon laser

1012 . . : : 1075 illumination, there may be a change of the defect density of
1 100 ppm B,H states itself. This mechanism has been proposed as an expla-
107 be li htzinfensi 110 nation to our experiment on undopaeSi:H in Ref. 3.
— probe g ty ) a The most prominent changes of the defect density of
W 0 o Ed states ofa-Si:H are the Staebler-Wronski effé¢SWE) and
"= 105 , °° Jit 2 light-induced annealirig=2° (LIA). Since these changes are
2 o 5 metastable, not transient, we should observe only a precursor
© o107} o © {10° & of both in our experiment.
o ] IO_IOV In order to compare the transient changeg() with
metastable changes of the defect density, we performed deg-
10718 . . . 11t radation experiments and illuminated our samples with white
0 100 200 300 400 light (Xe lamp, 300 mW/crf) for 12 h. Depending on the
T (K) initial defect density of states, which was achieved by ther-

mal annealing at various temperatures, we found a slight
FIG. 12. Temperature dependence of the effective transition coincrease of the integrated density oear-surfacedefect
efficientA} at probe light intensitie§G~10'° cm~®s7%, the uncer-  states for an initial defect density,<2x 10" cm™2 and a
tainty in G is responsible for the error baralculated from the data decrease above that val(gig. 13. The initial near-surface
of Ref. 7. On the right scale the rati6, calculated from defect density corresponding to the point of crossover is
Ap=fpunop is displayed assumingvy,=10" cm/s and comparable to the saturation value of light-induced bulk de-
op=8x10""°cn?. fects under comparable illuminatiéf The spectral changes
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50

fast relaxation

D°(Q%+p*—=D*(Q% —— D*(Q"), (39

transient Staebler-
changes . Wronski

et effect
= e slow relaxation

D*(Q")+e —D%Q*) —— D%QY. (36
The observations in parentheses in E@&) and (36) indi-
cate the configuration of the corresponding local defects. The
system might then be caught in the photoyield experiment
somewhere along the slow relaxation step depending on the
10520 45 50 55 60 65 “feed rate” D°+p*—D™, i.e., the light intensity. This re-
energy below the vacuum level (V) sults in a light-dependent shift of tH2° defect band which
is measured in TPEYS towards lower ionization energy. In
FIG. 14. Comparison between the experimentally determined€neral, one further has to take into account the relaxation of

change of the defect density of states according to metastable ligh?  states. We performed a Monte Carlo simulation to simu-
induced defect generation, metastable light-induced annealing, arl@te both the processes and were able to reproduce the basic
transient changes in a photomodulation experiment. The experimefieatures of the experiment. Relaxation time constants in the
tal error for the metastable changes is 30% of the decr@gass. range of milliseconds were required to fit the data. The re-
sults will be presented elsewhere. Besides the fact that lattice
relaxation constants are beyond our current understanding of
for maximum increase and maximum decrease are shown iw]e matenzl, thede_ffect ;voulcjﬁqgly be a correction to the
Fig. 14. They are compared to the transient change of th§"'anges observed In undopaebl-H.
defect density from Fig. 1. Although the characteristic fea- V. CONCLUSION
tures of the weak-bond—dangling-bond converdioa., in-
crease in the region of deep defects, decrease in the region of Experimental results of light-induced transient changes of
deep tail statdscan be found in all three spectra, the spectraithe ionization-energy spectrum of the near-surface region of
shape of the transient and metastable changes differ consii’doped and boron-dopedSi:H upon above-band-gap illu-
erably. It is therefore unlikely that the transient changes offination have been presented. These changes are not due to

g(E) we observed in the photoyield experiment are due tourface band bending, which exhibits significantly different

i - —dangling-bond conversion as a precufMe constants. :
;rgrnzlfet%tewse\i/kEbond dangling P Our extension of the rate-equation model of Ref. 2 quan-

titatively explains all the features of the experiment. Accord-
ing to this model, the average occupation of a subset of dan-
gling bonds between two gquasi-Fermi levels is unity for
probe light intensitie$G <10 cm ™3 s™?) independent of the

A second change of the defect density of states is curdefect energy. Upon pump light intensities charging of the
rently discussed in the literature. Based on the work of Codefects takes place due to different slopes of the valence-
henet al,'! Han et al.® and Branzet al}* argue that light band tail and the conduction-band tail that is seen as an ad-
bias effects observed in CPM measurements may be inteditional electron emission intensity belol& in the yield
preted as a shift oD° states towards the conduction band spectrum.
upon carrier capture. This mechanism is based on the as- Additional effects such as defect relaxation with time con-
sumption that the ionization energy of an electron out of astants in the range of 1 ms as currently discussed in the
defect does not only depend on the defect's occupation buiterature could in principle be superimposed on the charging
also on the configuration of the surrounding network viaeffect. Our numerical and analytical analysis, which we plan
electron-phonon coupling. Thus ionization of an electronto publish, reveals that upon certain assumptions changes of
from a D° state requires, for example, less energy if thethe spectrum due to defect relaxation exhibit similar qualita-
arrangement of the surrounding atomic network correspondsve and quantitative features as reoccupation and thus can-
to the relaxed configuration of a positively charged defechot be excluded as an explanation. Defect relaxation, how-
D" than to the appropriat®° equilibrium configuration. ever, is not required to describe our experimental resullts.
Usually, it is expected that lattice relaxation after recharging For p-type material we have shown that defect occupation
occurs so fast that defects can never be observed in configdepends much more on the generation fatas in undoped
rations different from equilibrium. Cohest al,, however, ar- samples. In the limit of sufficiently low generation rat@s
gue that atomic rearrangements on a large scale might bee derived an analytical expression for the concentration of
involved in amorphous semiconductors and thus relaxatiosingly —occupied defects N°. It is given by
times up to milliseconds could resaft.?° N°=[G/AS(G,T)]°° whereA(G,T) is the capture prob-

In Ref. 4 we outlined an approach of how to describe ourability coefficient for holes by a neutral defect. This expres-
experiment within the assumptions of a defect relaxatiorsion does in fact describe quantitatively the results given in
model. The approach is based on a proposal in Ref. 14. ThRef. 7 and explains the lower exponent in the intensity de-
optical excitation energies of an electron in a defect are agsendence compared to undoped samples.
sumed to depend on charge state and configuration. A capture Finally, our analysis is in accordance with recent LESR
of a hole by aD° defect, for example, could lead to the measurements on nonequilibrium occupancy of tail states
following “reaction ” chain: and defects in undoped-Si:H.2® The authors performed a
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(=]
T

Ag(E) (10" cm™ eV

light induced annealing

D. Defect relaxation
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