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We study the light-induced transient changes of the near surface density of occupied statesg(E) of undoped
and boron-dopeda-Si:H with photomodulated total photoelectron yield spectroscopy. The data show an in-
crease ofg(E) upon illumination between 0.35 eV aboveEF and 0.7 eV belowEF ~towards the valence band!
and a decrease in the region of deep valence-band-tail states. The difference signal depends sublinearly on the
laser intensity and reaches a maximum ofDg'1017 cm23 eV21 at a laser intensity of 30 mW cm22 ~l5532
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.

I. INTRODUCTION

a-Si:H has been a major candidate for optoelectronic de-
vices such as thin-film solar cells and thin-film transistors.
The defect structure is therefore of great interest. The
Staebler-Wronski effect, i.e., the metastable increase of the
defect density of states upon illumination has been analyzed
extensively over the past decades.1,2 In recent years one be-
gan to focus on transient processes. There have been a num-
ber of experiments that indicate that there are transient
changes of the occupied defect density of states ina-Si:H
upon electrical bias or light bias.3–8 One of the experimental
methods used in these studies is total photoelectron yield
spectroscopy~TPEYS!. TPEYS is particularly well-suited
for the study ofa-Si:H surfaces. The relaxed momentum
conservation requirements and lack of conduction-band
structure ina-Si:H allow the extraction of the occupied elec-
tronic density of states over nearly the entire band gap di-
rectly form the measured yield spectra. The large dynamic
range ~107:1 up to 1010:1! and high-energy resolution
~DE<0.1 eV! of this electron-emission spectroscopy are
ideal for the study of the occupation of band-tail and defect
states.9

Hirabayashiet al. first extended the method to a dual-
beam experiment.8 In addition to the probe light the sample
is illuminated with a laser. They observed an increase in the
occupied density of defect statesg(E) in undoped samples
betweenEF and 0.7 eV below the Fermi level upon light bias
~\v51.9 eV!. Here the term ‘‘belowEF’’ refers to energy
levels towards the valence band.

In Ref. 3 it was shown that these changes occur on the
time scale of milliseconds. The analysis of the data was
based on the assumption that the occupation of defect states
is not disturbed significantly at probe light intensities. Then
for negligible correlation energy, all states which are below
the Fermi energyEF by more than a fewkBT are fully oc-
cupied without laser bias and no increase due to reoccupation
is possible upon additional laser illumination. Furthermore it
was shown that even for a finite correlation energy the data
cannot be explained if thermal occupation under probe light
was assumed.

In Ref. 4 two microscopic mechanisms for a transient
change of the defect density of states were discussed: weak
bond–dangling bond conversion2,10 or a slow energetic re-
laxation of the defect following a change in occupation of
the defect.11 Both models require time constants for the lat-
tice relaxation in the range of milliseconds. Such long time
constants are not generally accepted fora-Si:H.

In this paper we show that the assumption of thermal
occupation of states under typical probe light intensities in a
photoemission yield experiment is not valid. In fact, if this
assumption is dropped, the experimental observation can be
explained as a charging of the defect states upon additional
illumination.

II. PHOTOMODULATED TOTAL PHOTOELECTRON
YIELD SPECTROSCOPY

In conventional photoelectron spectroscopies such as ul-
traviolet photoelectron spectroscopy~UPS! or x-ray photo-
electron spectroscopy~XPS!, the energy distribution of elec-
trons excited from the sample by monochromatic light is
measured. In total photoelectron yield spectroscopy, all of
the photoemitted electrons, regardless of their kinetic energy,
are collected~total yield! and the energy of the incident light
is varied~4 eV<\v<6 eV!. The resulting total yield spec-
trum Y(v) is defined as the number of electrons emitted
from a solid into the vacuum per incident photon of energy
\v. For a-Si:H, the spectrum of ionization energiesS(\v)
can be obtained as follows:12

S~\v!}@\v#4F4Y~\v!

\v
1

d

d\v
Y~\v!G . ~1!

The derivation of Eq.~1! is based on the three-step model of
photoemission. The energy dependence of the average opti-
cal transition-matrix elementR(v) is approximated by the
relationR2}\v25. If one neglects the energy dependence of
the matrix element Eq.~1! reduces to

S~\v!}
d

d\v
Y~\v!. ~2!
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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
eV. ThusS(\v) gives information aboutboth the density of
surface states and the density of near-surface states. For zero
correlation energy the spectrum of ionization energies
S(\v) may be identified with the density of occupied states
g(E) according tog(2E)5S(\v) if the energy is set to
zero at the vacuum level.

The ionization energies of singly and doubly occupied
states are different in the case of a finite correlation energy.
The relation betweeng(E) and the one-electron density of
statesD1(E) ~strictly speaking the one-electron density of
ionization energies! may be written in the form

g~E!5 f 0~E!D1~E!12 f2~E2Uopt!D
1~E2Uopt!. ~3!

HereUopt is the difference between the ionization energy of
a singly occupied state and a doubly occupied state, and
f 0(E) and f2(E) are the occupation probabilities for single
and double occupation of a state at energyE, respectively.13

In the absence of lattice relaxationUopt is identical to the
Coulomb energy differenceUC for singly and doubly occu-
pied states. If there is a significant lattice relaxation, no
simple relation betweenD1(E)andg(E) exists.14 For conve-
nience, in what follows we refer tog(E) as the occupied
density of states in all cases.

If the generation rate ina-Si:H due to the probe light is
low enough the occupation of the defect density of states
should still be in thermal equilibrium. Thus, neglecting a
finite correlation energy it should be possible to determine
the density of states from Eq.~3! by simply dividingg(E) by
the Fermi-Dirac distribution function. This approach has
been applied in Ref. 15 forn-type a-Si:H to determine the
density of conduction-band-tail states.

A major extension of the method is photomodulated total
yield photoelectron spectroscopy~PM-TPEYS!.4,7,8 PM-
TPEYS is a dual-beam experiment. The pump light is used to
modify the properties of the sample without producing pho-
toelectrons. The occupied density of statesg(E) and its
changes due to the pump light are examined with the probe
light beam that produces photoelectrons. Typical probe light
energies in our experiment are 3–6 eV and intensities of the
order of 10mW/cm2.

The photomodulation of the yield spectra was measured
using a frequency doubled Nd:YAG~yttrium-aluminum-
garnet! laser ~532 nm, Imax530 mW cm22! as bias light
source or a HeNe laser~633 nm, 180 mW/cm2!. Details have
been published elsewhere.3

In what follows the indexL refers to laser illumination
and the indexY to probe light conditions. For both, probe
light (\vY) and pump light (\vL) the relation\v>EG is
valid.

Here EG is the optical gap ofa-Si:H. Thus the major
effect of both probe and pump light on the sample is the
generation of electron-hole pairs. The generation rateG for
these pairs depends on the light intensity and the absorption
coefficient of the sample.2 For probe light intensities
G51016–1018 cm23 s21 in our experiment, depending on the
energy of the photons. Generation rates ofGL51021–1022

cm23 s21 are achieved under pump light illumination.

Undoped and boron-dopeda-Si:H films were deposited
by the rf glow discharge decomposition of silane and diboran
on stainless steel substrates. The deposition temperature was
250 °C, the rf power 5 watts, electrode area 25 cm2, elec-
trode distance 2 cm, gas flow 4 sccm, deposition pressure 0.3
mbar, deposition time 1 h. The samples were transferred un-
der UHV conditions directly after the deposition to a UHV
analysis chamber where the work function, transient and sta-
tionary surface photo voltage of the samples were deter-
mined with a Kelvin probe16 and the occupied density of
states by total photoelectron yield spectroscopy.

III. RESULTS

A. Steady-state measurements

Figure 1 shows two typical occupied density of states
spectrag(E) at probe light intensity (G5GY) and upon la-
ser illumination (G5GY1GL). The spectra have been nor-
malized to 1022 cm23 eV21 at 6.2 eV following the proce-
dure given in Ref. 12. The Fermi energy was measured with
a Kelvin probe. It is positioned at 4.35 eV below the vacuum
level. The integrated near-surface density of defect states
amounts to 331017 cm23. Upon illumination with the laser
beam there is a transient increase ofg(E) between 4.0 and
5.1 eV below the vacuum level~Fig. 1!. The maximum en-
hancement at 4.75 eV corresponds to;1017 states
cm23 eV21 and the integrated number of photoinduced states
with ionization energies between 4.3 and 5 eV amounts to

FIG. 1. Occupied density of statesg(E) of a-Si:H under probe
light excitation ~a! and upon additional laser illumination and the
differenceDg(E) of the two spectra~b!.
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3.531016 cm23, i.e.,;10% of the total number of deep de-
fects. For Boron-doped samples~100 ppm! a similar increase
of g(E) is observed.

To determine the temperature dependence of the laser-
induced signal we have measured the steady-state increase of
the yield signalDY5Y(GY1GL)2Y(GY), at a probe light
energy of 4.8 eV. According to Eq.~2! this is essentially the
increase in the integrated occupied density of statesg(E)
from the vacuum level to a binding energy of 4.8 eV if in
addition to the probe light the sample is illuminated by the
laser. The result is shown in Fig. 2. For the undoped sample
the signal decreases very weakly between 120 and 350 K.
Above that temperature, however, the signal drops to zero
within ;100 K.4 For boron-doped samplesDY increases sig-
nificantly with decreasing temperature in the whole tempera-
ture range examined.

The relative enhancementDY/Y of the photoinduced sig-
nal at a binding energy of 4.8 eV as a function of the gen-
eration rate is shown in Fig. 3. For thep-doped samples we

use for statistical reasons the low-temperature data~50 K! for
this comparison. The increase ofDY can be described by a
power-law behavior (Ga) for low generation rates. A phe-
nomenological expression forDY(G) can be derived if one
assumes that there is a light-induced conversion of reservoir
of statesN0 with a rate constantr 1 and the annihilation of
DN(t) with a rate constantr 2 :

4

d

dt
Y}

d

dt
DN~ t !5r 1@N

02DN~ t !#2r 2DN~ t !. ~4!

In the microscopic models discussed below it will be shown
thatN0 is either the number of singly occupied defects that is
converted into doubly occupied defectsDN, or the number
of defects in a configurationD0 that change their ionization
energies due to slow lattice relaxation or the number of weak
bonds that is converted into defect statesDN ~i.e., precursors
of the Staebler-Wronski effect!.

r 1 is assumed to depend on the light intensity as

r 15r 2F GG0
Gh

.

The steady-state solution of Eq.~4! is then

DY~G!}
1

11FG0

G Gh . ~5!

Good agreement with the intensity dependence in Fig. 3 is
obtained forG0'931020 cm23 s21 andh50.6660.1 in the
case of undoped samples andG0>1.531021 cm23 s21,
h50.3760.1. In time-resolved experiments, which will be
discussed in the next section, one expects the rise to depend
on r 11r 2 and the decay time constant to betd5r 2

21.

B. Transients

The transient response of the light-induced yieldDY at
4.8 eV and maximum pump light intensity (GL5231021

cm23 s21! is shown in Fig. 4. The data were obtained using a
multichannel analyzer in combination with a light beam
chopper. Up to 10 000 cycles were necessary to obtain suf-
ficient accuracy. Since the decay transient is not fully relaxed
when the next cycle starts the transients in Fig. 4~a! start at
DYÞ0. The return to the dark level is shown in Fig. 4~b!. It
is about a factor of 10 slower than the rise time. Both rise
and decay transients slow down with lower temperature. The
rise transients can be fitted with a single exponential with
time constantst r as indicated in Fig. 4~a!. In contrast to the
model of Eq.~4! the longer decay transients cannot be de-
scribed by a single exponential decay function with time
constanttd . We use a superposition of exponential decays
with distribution functionP(td) for the time constants:

Y~ t !}E
0

`

P~td!e
2t/tddtd . ~6!

Often in solid-state physics decay time constants are con-
nected by an exponential relationship with a microscopic
control parameter~such as the tunneling distance between
localized states or the thermal activation energy for the rate
limiting step!. Even without specifying the microscopic

FIG. 2. Temperature dependence of the modulationDY/Y at
\v54.8 eV, i.e., the increase of the integrated spectrum of ioniza-
tion energies integrated up to that photon energy upon band-gap
illumination for undopeda-Si:H ~several samples! and boron-doped
a-Si:H ~100 ppm!. The solid lines are guides to the eye. Details are
given in the text.

FIG. 3. Light-induced relative yield enhancementDY/Y as a
function of the generation rateG of electron-hole pairs for undoped
a-Si:H ~150 and 300 K! and boron-dopeda-Si:H ~100 ppm!. The
dashed lines are fits according toDY(G)}1/[11(G0/G)

h].
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mechanism for the transient yield changes it is therefore rea-
sonable to transfer the distribution functionP(td! to a loga-
rithmic scale. With the substitutionx5ln~td/1s) the corre-
sponding distribution functionw(x) is then related toP(td)
by

w~x!5P~10xs!ln~10!10xs ~7!

with the inverse relationship

P~td!5
w@ log10@td/s##

ln@10#td
. ~8!

We use as an ansatz a Gaussian distribution forw(x):

w~x!5
1

A2ps
e@x2x0#2/@2s2#. ~9!

The parametertd in Eq. ~4! has thus to be related to the
average valuex0 of the logarithmic time constantx. For the
fits in Fig. 4~b! s51.5, td,max510x0s50.01 s at 300 K and
s50.7, andtd,max50.04 s at 200 K. The insert shows the
decay time distribution for 300 K. Both rise and decay tran-
sients slow down with decreasing temperature. The time con-
stants as a function of temperature are shown in the lower
part of Fig. 5.

IV. DISCUSSION

Our analysis of the data is based on Eq.~3! which results
from the three-step model of photoemission. In the limit of
zero correlation energy Eq.~3! results in g(E)
52 f (E)D(E). A change ing(E) upon laser illumination
can in general either be due to a change in the occupation

function f (E) or a change in the one-electron density of
statesD(E) or both.

A change inf (E) can be due to~1! a change in the occu-
pationwithouta displacement of electrons relative to holes in
space, i.e., without a change in space charge density;~2! a
change in the occupation including a displacement of the
charge in space.

If a change inf (E) is accompanied by a displacement of
net charge in space, a change in band bending is to be ob-
served. We thus performed photomodulated time-resolved
Kelvin probe experiments. The aim was to find out whether
the change ing(E) observed in PM-TPEYS is due to a
change in surface band bending upon illumination.

What can be the origin of a change in the density of states
D(E)? Two microscopic mechanisms have been examined:
~3! The precursor of the Staebler-Wronski effect, i.e., tran-
sient opening of a weak bond in an exciting state creating
two dangling-bond defects for a limited time;~4! defect re-
laxation, i.e., the evolution of its total energy after change of
its occupation. In what follows the four models will be dis-
cussed.

A. Surface photovoltage

Hydrogenated amorphous silicon exhibits surface band
bending.8,17,18The band bending changes upon illumination
and results in a surface photovoltage~SPV!. Since photoelec-
tron yield spectroscopy is a surface-sensitive technique the
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
spectra. We have measured the change of the contact poten-
tial difference~CPD! of our samples upon illumination with
a Kelvin probe. In undopeda-Si:H the bands ‘‘bend down’’
upon illumination relative to their dark position by 100 mV
at laser intensities comparable to those used in the photo-

FIG. 4. ~a! Rise of the laser-induced yield signal at 4.8 eV for
150 K ~data and fit! and 300 K~fit only!. The modulation period
was 0.1 s. The decay transient has not reached its minimum value
yet when the rise transient begins. The minimum value thus had to
be determined separately.~b! Decay transient at 300 K. The fit
consists of a superposition of exponential decay transients accord-
ing to the time constant distribution shown in the insert.td,max is
used to characterize the decay.

FIG. 5. Comparison between the initial slope decay time con-
stants of the surface photovoltage transients extracted from Fig. 6
and the time constants for rise and decay ofDY upon illumination
from Fig. 4. As can be seen, the decay of the surface photovoltage
transients is more than one order of magnitude slower than the
decay of the change inDY, and exhibits a different temperature
dependence.
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modulated yield experiments. In 100 ppm boron-doped
samples the bands bendup by 100–200 mV. Thus the effect
of surface band bending on the occupation should be of op-
posite sign. However, the transient changes observed are of
the same sign for undoped and boron-doped samples. Fur-
thermore, we have measured the decay transients of the sur-
face photovoltage as a function of temperature with a reso-
lution of 0.1 s. The result is shown for various temperatures
in Fig. 6. The rise of the signal cannot be resolved experi-
mentally. The decay transient consists of a fast and a slow
component labeledtD1 (tD3! and tD2 (tD4!, depending on
the temperature regime. Details of the experiment will be
presented elsewhere. The time constants extracted from the
data are shown in the upper part of Fig. 5.

Also shown in Fig. 5 are the time constantst r and
td,max of DY for rise and decay determined as shown in Fig.
4. The decay times forDY differ from those of the surface
photovoltage by 1–2 orders of magnitude. We thus infer that
the change ing(E) is a local process in contrast to the oc-
currence of a SPV which requires charge separation. There-
fore we can assume that the changes ing(E) are not due to
a change in surface band bending.

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 illumination.2,6,19 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 arenf , density of free electrons;nBT ,
density of electrons in the conduction band tail;N2, density
of negatively charged dangling bonds;N0, density of neutral
dangling bonds;N1, density of positively charged dangling
bonds;pBT , density of holes in the valence band tail;pf ,
density of free holes.

The relationship between the density of electrons and
holes and the population of the dangling-bond states under
steady-state illumination is governed by the transitions
shown in Fig. 7. Generation of carriers is restricted to the
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-
curs only via transitions from extended to extended or ex-
tended to localized states. Thermal excitation from deep de-
fects is neglected. This is a valid assumption if the
occupation of the defect states is dominated by recombina-
tion of photogenerated electrons and holes. In order to show
that this assumption is justified to describe our experiment
not only for pump light intensities but also for probe light
conditions we apply the Rose criterion.20According to Rose,
thermal emission rates from defectsen , ep can be neglected
if they are small compared to capture ratesR of electrons or
holes. The capture rate of an electron into a neutral defect is
usually written in the form

Rn
05nfv thsn

0. ~10!

Herenf is the concentration of electrons in extended states,
v th is the thermal velocity of the carriers, ands n

0 is the
capture cross section of a free electron into a neutral dan-
gling bond. Similar relations hold for the other transitions.
The thermal excitation rate of an electron from a negatively
charged defecten

2(E) is given by

yn
2~E!5n0 e

2~ECBME2E!/kBT. ~11!

FIG. 6. Rise and decay transients of the surface photovoltage
upon laser illumination~532 nm, 50 mW/cm22! for various tem-
peratures.

FIG. 7. Generation and recombination transitions of our model.
The transition coefficientsA i

j (G,T) take into account the fact that
only free carriers recombine. Details in text.
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Here ECBME is the conduction-band mobility edge. Using
v th5107 cm/s,s n

0'10215 cm2, nf.1010 cm23, n051012 s21

at and below room temperature the relationen
2(E)<Rn

0

holds for states situated by more than 0.6 eV below the
conduction-band mobility edge. Similar relations are valid
for neutral and positively charged defect states. As will be
shown below, free carrier densities of the order of 1010 cm23

can be obtained even for probe light intensities in a photo-
electron yield experiment. Considering a mobility gap of
about 2.0 eV fora-Si:H and symmetrical conditions for elec-
trons and holes for our rough estimate, the occupation of a
range of defects 0.5 eV around mid gap should be deter-
mined exclusively by the balance of electrons and hole cap-
ture. For these defects thermal excitation of carriers can be
neglected and the model outlined below holds. The energy of
such a defect does not enter into the model and the occupa-
tion functions for the dangling bonds do not obey Fermi
statistics but insteadn05N0/Nr and then25N2/Nr are in-
dependent ofE.

The rate equation model defined by Fig. 7 can be simpli-
fied if one defines the fractions of free carriers in extended
states to the total amount of excited carriers in extended and
band-tail statesf n and f p by

f n5
nf

nf1nBT
, f p5

pf
pf1pBT

. ~12!

Using these ratios we define effective transition coefficients
An

i andA p
i by

An
i 5n fnv thsn

i , i50,1, Ap
i 5p fpv thsp

i , i50,2,
~13!

which get an additional implicit temperature dependence via
f n and f p . Heren5nf1nBT , p5pf1pBT . With the above
definitions the rate equations under steady-state conditions
are as follows~see also Fig. 7!:

05
d

dt
n5G2An

0~G,T!nN02An
1~G,T!nN12At~G,T!np,

~14!

05
d

dt
N25An

0~G,T!nN02Ap
2~G,T!pN2, ~15!

05
d

dt
N05An

1~G,T!nN11Ap
2~G,T!pN22An

0~G,T!nN0

2Ap
0~G,T!pN0, ~16!

05
d

dt
N15Ap

0~G,T!pN02An
1~G,T!nN1, ~17!

05
d

dt
p5G2Ap

0~G,T!pN02Ap
2~G,T!pN22Ar~G,T!np.

~18!

The transition coefficients are given by

An
0~G,T!5@v th~T!sn

0f n~G,T!#,
~19!

An
1~G,T!5@v th~T!sn

1 f n~G,T!#,

Ap
0~G,T!5@v th~T!sp

0 f p~G,T!#,
~20!

Ap
2~G,T!5@v th~T!sp

2 f p~G,T!#,

and

Ar~G,T!5 f nv ths
BT@12 f p#1 f pv ths

f f n

1 f pvp,ths
BT@12 f n#. ~21!

s f andsBT denote the capture cross sections for the transi-
tion from extended to extended and extended to band-tail
states, assumed to be identical for electrons and holes, re-
spectively. The coefficientAr for bimolecular recombination
consists of the recombination of free electrons with free
holes, free electrons with holes in the valence-band tail, and
free holes with electrons in the conduction-band tail.

The replacement ofnf andpf by f nn and f pp in the above
equations is particularly useful if it is possible to show that
f n and f p are approximately independent of the generation
rate. In order to determinef n for electrons, we apply the
Boltzmann approximation to obtain an approximate value for
the rationf /nBT . The value does not depend on the position
of the quasi-Fermi-level for trapped electrons as long as
kBT.ECBT , whereECBT is the characteristic energy of the
slope of the conduction-band tail.21 For lower temperatures
f n has to be determined numerically. Our analysis gives
f n'0.1 at room temperature for a conduction-band-tail slope
of ECBT525 meV and a density of states at the mobility edge
of NCBME51021 cm23 eV21. The value is independent of the
generation rate at 300 K within a factor of 3. At higher tem-
peratures it is independent ofG, at lower temperatures it
exhibits a strong dependence on the generation rate. In addi-
tion, f n decreases rapidly with decreasing temperature below
300 K. f p exhibits a stronger dependence on the position of
the quasi-Fermi level for free holes~and thus on the genera-
tion rate!. ForEVBT550 meV andNVBME51021 cm23 eV21,
f p51024 ~1025! for EFp

2EVBME50.4 eV ~0.5 eV! at room
temperature.

We point out here that the strong asymmetry betweenf n
and f p in a-Si:H is due to the different slopes of the valence-
and conduction-band tails.

Our theoretical estimate forf n and f p may be compared to
f n,drift5m0n /mDn and f p,drift5m0p /mDp , i.e., the ratio of the
free carrier mobilitym0 and the time-of-flight drift mobility
mD for electrons and holes. According to Ref. 19 typical
values aref n,drift'0.07, f p,drift'0.003. Sincef p! f n , Eq.
~21! can be simplified: the major contribution is due to the
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

Nr5N11N01N2. ~22!

The equation for the conservation of charge can be written in
the form

Q

eNr
5
q

e
5@n12n2#1

p2n

Nr
. ~23!
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HereQ is the charge per unit volume.Q does not include the
charged donors or acceptors. Their occupation is assumed to
be constant. Furthermoren15N1/Nr , n05N0/Nr , and
n25N2/Nr . q/e is positive forp-doped samples, negative
for n-doped samples, and zero for undoped samples.

To summarize, we have formally reduced the more gen-
eral rate equation model defined by Fig. 7 to the one dis-
cussed by Ref. 2. Our model makes a distinction between
free carriers and carriers in band-tail states. Due to the asym-
metry of valence- and conduction-band-tail slope ina-Si:H
and thus the fact thatf p! f n , we have been able to simplify
the equations. As a result, there is a strong asymmetry be-
tween the effective transition coefficients of electrons and
holes, in contrast to Ref. 2. In addition, due to the generation
rate dependence off n ~at low temperatures! and f p below
about 600 K the transition coefficients do also depend onG.
It is this dependence which will finally explain the redistri-
bution of electrons seen in the photomodulated photoyield
experiment.

From the above equations it follows that

q

e
72F14 $12n0%22

$n0%2

b G1/25 1

Nr
@p2n#, ~24!
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b is defined by

b:5
N0N0

N1N2 5
Ap

2An
1

Ap
0An

0 . ~29!

As has been pointed out by Ref. 8,b fully determines the
occupation of the dangling-bond states in undoped material
at low generation rates provided thermal rates can be ne-
glected. Although the transition coefficients depend on the
generation rateG in our approach,b is independent ofG
since f n and f p cancel in the definition ofb.

The upper sign in Eqs.~27! and~28! refers to a positive
average charge in the defects, the lower one to negatively
charged defects.n0 is given by Eq.~24!, with G to be the
only parameter. The rootsn0 have to be determined numeri-
cally in most cases. In the following we discuss the solution
of Eq. ~24! for q/e50 ~undopeda-Si:H! and q/e51 ~p-
dopeda-Si:H!.

1. Undoped a-Si:H

In undopeda-Si:H the average number of electrons per
defect is approximately 1, i.e., the average charge of a defect

is zero,q/e50. It has been shown in Ref. 2, that at low
generation rate the above equations reduce to

n0'nmax
0 5

b1/2

@21b1/2#
, n1'n2'
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@21b1/2#
, ~30!

n'
G
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@An
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1n1, p'
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Nr
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@Ap
0n01Ap

2n2 . ~31!

The reason forn15n2 is thatn,p!Nrn
1, Nrn

2. As one
can see,n0 and n2 are independent ofg andT in this re-
gime. Thus in this regime the TPEYS spectra of undoped
a-Si:H should be independent of probe light intensity and
temperature.

The transition between low and high generation rates has
to be determined numerically. We use the bulk capture cross
sections given by Ref. 22, a velocity of the free carriers
v th5107 cm/s and the ratiosf n50.1, f p51024 ( f p51025!.
The resulting transition coefficients are given in Table I. The
near-surface density of defect states was obtained experi-
mentally to beNr51017 cm23. In Fig. 8 the result of our
numerical solution forf p51024 and f p51025 is displayed.n

TABLE I. Capture cross sections and transition coefficients as-
suming f n50.1 andf p51024 ~f p51025!; scattering cross sections
into defects have been taken from Ref. 22.v th5107 cm/s.

Transition s i
j ~cm2! A i

j5 f is i
jv th ~cm3 s21!

D01p→D1 83 10215 Ap
058310213

~8310212!

D21p→D0 23 10214 Ap
252310212

~2310211!

D01n→D21 2.7310215 An
052.731029

D11n→D0 1.33 10214 An
151.331028

n1p→/ 5310 216 Ar55310210
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and p are the electron and hole densities, the fraction of
singly occupied defects is labeledn0, that of doubly occu-
pied defectsn2, and the average charge per defectn012n2.
n1 can be obtained from the relationn21n01n151.

At low generation rates,n andp increase linearly with the
generation rateG. In this generation rate rangen0 and n2

are determined byb and do not depend onG significantly.
Sincef p! f n , more holes than electrons are trapped in band-
tail states due to the asymmetry in the effective recombina-
tion coefficients. The difference in charge,n-p, gives the
density of electrons trapped in defects. Since those are, how-
ever, much more thann andp, they are still neutral on the
average.

If the generation rate is increased,p approaches the den-
sity of defectsNr . Then for reasons of charge neutrality a
significant charging of the defects takes place.

At sufficiently high generation rates all defects are finally
doubly occupied. In this rangen'p}G0.5.

In analogy with Fig. 3, the transition between low and
high generation rates may be characterized by a generation
rateG0 , where the increase in the average defect occupation
n012n2 reaches 50% of the maximum value. As can be
seen in Fig. 8, a reduction off p by one order of magnitude
shifts the transition region by one order of magnitude to
lower generation rates. In our modelG0 depends on the gen-
eration rate:G0} f p

21N r
2 .

To compare the model with the relative increase of the
yield DY/Y ~Fig. 3! we point out thatn012n221 is pro-

portional to the integrated increase of occupied density of
defect states. The relative increase of curveF in Fig. 8~a!
shows the normalized fit for undopeda-Si:H in Fig. 3 on a
linear scale. The observed transition occurs at lowerG than
predicted by the model.G0 can only be reproduced if we
either assumef p51026 for Nr51017 cm23 or f p51025 for
Nr5331016 cm23. f p51026 is not compatible with the spec-
tral shape of our data. Since the experimentally observed
defect density isNr>10117 cm23, Nr53310116 cm23 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,
Nr may be smaller than the total number of defects.

Another discrepancy between our model for constantf p
and the experimental data is the slope of the transition re-
gion. A fit of Eq. ~5! to n012n2 in Fig. 3 givesh>1. The
experimental value, however, ish50.6660.1, as shown in
Fig. 3. This discrepancy can be explained by the fact that the
dependence off p on the generation rate has been neglected
in our numerical calculation. Qualitatively,f p increases at
higher generation rates. Thus the transition region is broad-
ened. This results in a reduction ofh. A quantitative com-
parison can only be performed in a self-consistent numerical
simulation beyond our semianalytical approach.

We next turn to the discussion of the spectral dependence
of the photoinduced yield signal. In Fig. 9 the experimental
data of Fig. 1 are compared with the result of our simulation.
In the upper part of Fig. 9 the experimental spectrumg(E) is
shown for probe light intensities (GY) and for laser illumi-
nation (GL). The theoretical spectrag(GY) andg(GL) have
been obtained according to Eq.~3!. As mentioned above,Nr
is smaller than the experimental value for the integrated de-
fect density of states, most likely due to the fact that defect
states outside the region between the quasi-Fermi levels are
still in thermal equilibrium. This hypothesis is supported by
the fact that the maximum of the increase occurs at an ion-
ization energy of 4.8 eV, i.e., approximately at mid gap. A
Gaussian shape for the one-electron density of defect states
D1(E) within the quasi-Fermi levels is therefore assumed
with integral valueNr53310116 cm23. The occupation fol-
lows from our rate-equation model.n050.64,n250.18 for
GY andn050.15,n250.84 forGL . An optical correlation
energyUopt50 gives an upper limit of 1 for the relative
increase ofg(E) upon illumination. Since our data show
g(GL)/g(GY)'4 at 4.25 eV~see insert in Fig. 9! Uopt must
be greater than 0. We assumeUopt50.1 eV. However, our
data is not very sensitive toUopt.

The dotted line in Fig. 9~a! with a maximum at 5.4 eV
gives the change in the density of trapped holes. The area is
equal to the increase of the charge in the defect states. In Fig.
9~b! the difference spectra are shown. As can be seen, the
experimental data can be fitted quite well in the energy range
from 4 to 5 eV. For statistical reasons no information is ob-
tained about the shape of the hole distribution.

Finally, within our approach, the time constants can be
estimated as follows: to charge 1017 defects per cm3 at a
generation rate ofG51021 cm23 s21 takes at least 1024 s.
This value is close to what we observe fort r at room tem-
perature. Recombination of the excess carriers in the defect

FIG. 8. n0, n2, n, andp as a function ofG for undopeda-Si:H.
Constant effective transition coefficients are assumed. The solid
lines correspond tof p51025, the dotted lines tof p51024, f n50.1,
defect densityNr51017 cm23 in both cases. Also shown is the fit
from Fig. 3 @F in Fig. 6~a!# for h50.66,G05931020 cm23 s21.
The line labeledM corresponds toNr5331016 cm23 and f p51025.
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states after the pump light has been switched off, on the other
hand, occurs at probe light intensities and will thus take
much longer. However, a more complicated numerical ap-
proach is required to compare the time constants quantita-
tively.

2. Boron-doped a-Si:H

We restrict our discussion toq/e51. This is a good ap-
proximation to describe boron-doped samples with a doping
concentration of B2H6>100 ppm. In this case all defects are
positively charged in the dark. In Fig. 10 the numerical so-
lution of Eq. ~24! for q/e51 is shown. The transition coef-
ficients used were the same as those for undopeda-Si:H
~Table I!, the defect density is higher than that in undoped
material. In the computation we tookNr51018 cm23. In con-
trast to Fig. 8~a! we choose a logarithmic scale for the plot of
the fractionsn0 andn2. The dependence ofn0 andp on the
generation rate differs considerably from undoped material.
Both density functions increase proportional toG0.5 at low
generation rates. At a sufficiently high generation rate all
defect states will again be negatively charged. The same
saturation values as in undoped material are obtained.

In order to obtain an analytical expression forN0(G) at
low generation rates we use the approximation given by Eq.
~31! which also holds for the case of doping. Equation~24!
for the conservation of the total charge is now reduced to

122F14 $12n0%22
@n0#2

b G1/25 G

@Nr #
2 F 1

@Ap
0n01Ap

2n2#

2
1

@An
0n01An

1n1#G . ~32!

For p-type materialn1'1@n0@n2. Furthermore, since the
conduction-band tail is much steeper than the valence-band
tail, f p! f n and thusA p

0 ,A p
2!An

0 ,An
1 . Equation~32! re-

duces to

12@122n0#1/25
G

@Nr #
2 F 1

@A p
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Since n0!1, the square root on the left-hand side can be
expanded to give

N0~G,T!5n0Nr5
G0.5

@Ap
0~G,T!#0.5

. ~34!

Equation~34! shows that the density of singly occupied de-
fects does only depend on the generation rate and the effec-
tive capture coefficient of holes intoD0 states. For a constant
transition coefficientA p

0 , N0 is thus proportional toG0.5.
The second feature of Eq.~34! is that the total number of
electrons in defects does not depend on the absolute number
of defect states.

We make use of these results and give a quantitative ex-
planation for the observation in Ref. 11. It was found there
thatg(E) in boron-doped samples~B2H65100 ppm! depends
on the temperature~Fig. 11!. Note that in these experiments
samples were only illuminated by the UV probe light of the
photoyield experiment. According to Eq.~34! this can only
be due to the temperature dependence ofA p

0(G,T), since

FIG. 9. Spectral changes in the pseudogap ofa-Si:H upon ad-
ditional illumination according to our model. The solid lines corre-
spond to the experimental data, the broken lines are theoretical fits.
Details in text.

FIG. 10. Carrier densities and defect occupation inp-type
a-Si:H as a function of the generation rate.Nr51018 cm23. The
open circles are based on Eq.~34! and confirm the validity of our
approximation.
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G5GY was kept constant. In our model the temperature de-
pendence of A p

0(G,T) is due to the fact that
f p[pf /(pf1pBT! depends on the temperature@Eq. ~20!#. If
we assume that the occupation of the band tail can be de-
scribed by a quasi-Fermi function with a quasi-Fermi energy
independent ofT, a numerical analysis gives a reduction of
f p of 3–4 orders of magnitude within the temperature range
considered. This strong temperature dependence is reduced
by the fact that the total number of holes increases with
lower temperature, thus shifting the quasi-Fermi energy to-
wardsEVBME . As a result a change over about two orders of
magnitude is expected theoretically.

Typical probe light intensities in a yield experiment are of
the order ofG51018 cm23 s21 at 250 nm. In Fig. 12

A p
0(G,T) as obtained from the spectra of Ref. 7 and Eq.~34!

is plotted as a function of temperature. The axis on the right-
hand side gives the corresponding ratiof p assumingv th5107

m/s ands p
058310215 cm22. The temperature dependence

can be seen quite clearly. It changes over more than 2 orders
of magnitude between 200 and 400 K, in accordance with the
theoretical estimate.

Thus the simple rate-equation model does in fact explain
all the features exhibited by a photomodulated photoelectron
yield experiment. For completeness in what follows we
briefly discuss further microscopic effects that have been
suggested as an explanation to our experiment. It cannot be
fully excluded that they give anadditional contribution to
the experimental finding.

C. Precursor of the Staebler-Wronski effect

In addition to a charging of the defect states upon laser
illumination, there may be a change of the defect density of
states itself. This mechanism has been proposed as an expla-
nation to our experiment on undopeda-Si:H in Ref. 3.

The most prominent changes of the defect density of
states ofa-Si:H are the Staebler-Wronski effect1 ~SWE! and
light-induced annealing22–25 ~LIA !. Since these changes are
metastable, not transient, we should observe only a precursor
of both in our experiment.

In order to compare the transient changes ing(E) with
metastable changes of the defect density, we performed deg-
radation experiments and illuminated our samples with white
light ~Xe lamp, 300 mW/cm2! for 12 h. Depending on the
initial defect density of states, which was achieved by ther-
mal annealing at various temperatures, we found a slight
increase of the integrated density ofnear-surfacedefect
states for an initial defect densityNr<231017 cm23 and a
decrease above that value~Fig. 13!. The initial near-surface
defect density corresponding to the point of crossover is
comparable to the saturation value of light-induced bulk de-
fects under comparable illumination.24 The spectral changes

FIG. 11. Temperature dependence of the occupied density of
states of boron-dopeda-Si:H according to Ref. 7. As the tempera-
ture is reduced, the number of trapped carriers increases.

FIG. 12. Temperature dependence of the effective transition co-
efficientAp

0 at probe light intensities~G'1018 cm23 s21, the uncer-
tainty inG is responsible for the error bar! calculated from the data
of Ref. 7. On the right scale the ratiof p calculated from
Ap
05 f pv ths p

0 is displayed assuming v th5107 cm/s and

s p
058310215 cm2.

FIG. 13. Metastable changes of the integrated change of the
occupied density of defect states ofa-Si:H g(E) after 12 h of illu-
mination with white light~AM 3!. Above an initial defect density of
about 231017 cm23 a decrease is observed upon white light illumi-
nation.
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for maximum increase and maximum decrease are shown in
Fig. 14. They are compared to the transient change of the
defect density from Fig. 1. Although the characteristic fea-
tures of the weak-bond–dangling-bond conversion~i.e., in-
crease in the region of deep defects, decrease in the region of
deep tail states! can be found in all three spectra, the spectral
shape of the transient and metastable changes differ consid-
erably. It is therefore unlikely that the transient changes of
g(E) we observed in the photoyield experiment are due to
transient weak-bond–dangling-bond conversion as a precur-
sor of the SWE.

D. Defect relaxation

A second change of the defect density of states is cur-
rently discussed in the literature. Based on the work of Co-
hen et al.,11 Han et al.,5 and Branzet al.14 argue that light
bias effects observed in CPM measurements may be inter-
preted as a shift ofD0 states towards the conduction band
upon carrier capture. This mechanism is based on the as-
sumption that the ionization energy of an electron out of a
defect does not only depend on the defect’s occupation but
also on the configuration of the surrounding network via
electron-phonon coupling. Thus ionization of an electron
from a D0 state requires, for example, less energy if the
arrangement of the surrounding atomic network corresponds
to the relaxed configuration of a positively charged defect
D1 than to the appropriateD0 equilibrium configuration.
Usually, it is expected that lattice relaxation after recharging
occurs so fast that defects can never be observed in configu-
rations different from equilibrium. Cohenet al., however, ar-
gue that atomic rearrangements on a large scale might be
involved in amorphous semiconductors and thus relaxation
times up to milliseconds could result.26–29

In Ref. 4 we outlined an approach of how to describe our
experiment within the assumptions of a defect relaxation
model. The approach is based on a proposal in Ref. 14. The
optical excitation energies of an electron in a defect are as-
sumed to depend on charge state and configuration. A capture
of a hole by aD0 defect, for example, could lead to the
following ‘‘reaction ’’ chain:

D0~Q0!1p1→D1~Q0! ——→
fast relaxation

D1~Q1!, ~35!

D1~Q1!1e2→D0~Q1! ——→
slow relaxation

D0~Q0!. ~36!

The observations in parentheses in Eqs.~35! 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
‘‘feed rate’’ D01p1→D1, i.e., the light intensity. This re-
sults in a light-dependent shift of theD0 defect band which
is measured in TPEYS towards lower ionization energy. In
general, one further has to take into account the relaxation of
D2 states. We performed a Monte Carlo simulation to simu-
late both the processes and were able to reproduce the basic
features of the experiment. Relaxation time constants in the
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
the material, the effect would only be a correction to the
changes observed in undopeda-Si:H.

V. CONCLUSION

Experimental results of light-induced transient changes of
the ionization-energy spectrum of the near-surface region of
undoped and boron-dopeda-Si:H upon above-band-gap illu-
mination have been presented. These changes are not due to
surface band bending, which exhibits significantly different
time constants.

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 quasi-Fermi levels is unity for
probe light intensities~G,1018 cm23 s21! independent of the
defect energy. Upon pump light intensities charging of the
defects takes place due to different slopes of the valence-
band tail and the conduction-band tail that is seen as an ad-
ditional electron emission intensity belowEF in the yield
spectrum.

Additional effects such as defect relaxation with time con-
stants in the range of 1 ms as currently discussed in the
literature could in principle be superimposed on the charging
effect. Our numerical and analytical analysis, which we plan
to publish, reveals that upon certain assumptions changes of
the spectrum due to defect relaxation exhibit similar qualita-
tive and quantitative features as reoccupation and thus can-
not be excluded as an explanation. Defect relaxation, how-
ever, is not required to describe our experimental results.

For p-type material we have shown that defect occupation
depends much more on the generation rateG as in undoped
samples. In the limit of sufficiently low generation ratesG
we derived an analytical expression for the concentration of
singly occupied defects N0. It is given by
N05[G/A p

0(G,T)] 0.5, whereA p
0(G,T) is the capture prob-

ability coefficient for holes by a neutral defect. This expres-
sion does in fact describe quantitatively the results given in
Ref. 7 and explains the lower exponent in the intensity de-
pendence compared to undoped samples.

Finally, our analysis is in accordance with recent LESR
measurements on nonequilibrium occupancy of tail states
and defects in undopeda-Si:H.30 The authors performed a

FIG. 14. Comparison between the experimentally determined
change of the defect density of states according to metastable light-
induced defect generation, metastable light-induced annealing, and
transient changes in a photomodulation experiment. The experimen-
tal error for the metastable changes is 30% of the decrease~LIA !.
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numerical simulation on the occupation of defect states in-
cluding the detailed distribution of defects according to the
defect pool model. Significant charging of the defects at high
generation rates and a high concentration of trapped holes in
the valence-band tail are found.
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