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V 

PREFACE 

This series presents new ideas and recent developments in our understanding of 
disordered semiconductors. This field covers many material systems and attracts scientists 
of very different specializations. It is therefore important that the articles in this series 
contain sufficient background material so that they communicate across barriers of 
specialization and are accessible to graduate students. An important goal of Advances in 
Disordered Semiconductors is to present interesting as well as controversial subjects at a 
fast publication schedule. Some of the same topics are addressed by different authors in 
order to illuminate problems from different angles and to highlight unresolved questions. 

Hellmut Fritzsche 
October 15,1990 
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vii 

INTRODUCTION 

Disordered materials offer new and unexpected insights into the structure of solids and 
the ways charge carriers move and interact with their environment. Regardless of whether 
the atomic arrangement has translational symmetry or not, the nearest neighbor 
coordination in covalent semiconductors is determined by the chemical valency of the 
atoms. Moreover, in both crystalline and noncrystalline semiconductors, electronically 
active defects are associated with those few atoms that happen to be over - or under 
coordinated. These defects include donor and acceptor dopants as well as native 
coordination defects. 

Despite these similarities in chemical origin, these defects can undergo bonding 
rearrangements much more readily in noncrystalline than in crystalline semiconductors. The 
reason for this may be related to at least two factors. For one, the lack of periodicity allows 
for larger topological freedom and thus for a wider spectrum of bond energies including 
weak and strained bonds that are more accessible to changes. A second reason is the 
greater degree of localization of electrons and holes in disordered potentials. When this 
localization approaches covalent bond dimensions one expects a strong interplay between 
carrier occupancy of such localized states and the local bonding environment which 
produces these states. 

Given sufficient time and thermal excitation this interaction comes to a thermodynamic 
equilibrium state in which the number of active dopants and defects depend only on 
temperature. At lower temperatures, a nonequilibrium change in carrier occupancy will 
cause changes in bond coordinations and thus in the number of active defects which persist 
for long times. Studies of such carrier-induced metastable structural changes in non-
crystalline semiconductors have led to an awareness of their presence in crystals 
particularly at their surfaces and interfaces. 

Charge transport is of course strongly affected by the localization of carriers in 
disordered potentials. Early work focused on hopping conduction in doped crystalline 
semiconductors at low temperatures where conduction in extended states is frozen out. In 
amorphous semiconductors the quasi-continuous distribution of localized states in the 
pseudogap sets new and interesting conditions for electronic transport and recombination of 
photo-excited carriers. Polymers, oxide glasses, boron and boron-rich compounds as well 
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viii Introduction 

as mesoscopic systems are other examples in which electronic processes are governed by 
localization effects. 

The first part of this volume presents new results and ideas on the subjects dealing with 
the local bonding structure in amorphous and vitreous semiconductors. These include the 
local bonding structure in chalcogenide glasses containing metal atoms, the interaction of 
local vibrational modes with their local bonding environment, and new models for the H-
bonding configurations and complexes in hydrogenated amorphous silicon that are 
associated with the metastable changes in defect and dopant concentrations. 

The second part is devoted to questions of low temperature hopping transport and 
recombination of photocarriers in disordered semiconductors as a function of frequency 
and at high electric fields. One chapter is devoted to anomalous behavior of low 
temperature hopping conduction in p-type GaSb which appears at relatively high fields and 
uniaxial stresses. The last chapter discusses new aspects of transport in relaxation case 
semiconductors whose dielectric relaxation time is long compared to the carrier lifetime. 
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THERMALLY INDUCED METASTABLE PROCESSES IN 
AMORPHOUS HYDROGENATED SILICON. FLUCTUON

MODEL OF a-Si:H

S.B. Aldabergenova, N.A. Feoktislov, V.G. Karpov*, K.V. Koughia, A.B. Pevtsov
and VjV. Solovijev*

AP. Ioffe Physico-Technical Institute,
Leningrad 194021, USSR

*M.I. Kalinin Politechnical Institute,
Leningrad 195251, USSR

1. INTRODUCTION

Recently Street et al.1-5 have shown that the electronic properties of doped 
hydrogenated amorphous silicon (a-Si:H) are strongly influenced by hydrogen 
diffusion, stimulated by thermal treatment. The interpretation of their experimental 
observations is mainly based on assumptions about the doping mechanism in 
a-S i:H  proposed earlier by Street.6 At the same time similar effects were found in 
undoped a-S i:H  samples.7-11 If the nature of these phenomena are similar in 
doped and undoped <?-Si:H their strong dependence on doping should not be essen­
tial. In the following we discuss some other aspects of the interpretation,1-4 that 
seem not be convincing. We thus suppose that the effect of hydrogen diffusion on 
the electronic properties of <a-Si:H needs further investigation.

In this paper we discuss some new experimental results regarding the changes 
in the electronic properties of undoped a-S i:H  under different conditions of thermal 
annealing and cooling which govern hydrogen diffusion. The following interpreta­
tion consists of two parts: the first is a phenomenological model and the second is 
its microscopic concretization. The proposed phenomenological model is free from 
assumptions about the detailed mechanism of the interaction between electrons and 
the hydrogen subsystem.

Another part deals with a detailed but rather general model of the interaction 
mechanism between electrons and hydrogen atoms. This model is based on recent 
proposals by Karpov and Solovijev12 about fiuctuonic states in amorphous semicon­
ductors. We discuss this model in detail while comparing it with the experimental 
results.

Marapian, 3axmneHua asTopcbKHM npaBOM



130 S. B. Aldabergenova et al.

2. REVIEW OF PREVIOUS EQUILIBRATION MODEL

Before considering new results let us review some details of the interpretation 
given in references 1-4. Fig. la shows typical dependences of the conductivity on 
temperature from these papers.1,2 The main feature of these curves is the change 
in activation energy at a certain characteristic equilibrium temperature TE. The 
explanation of this fact is based on two suppositions. The first is a very specific 
dependence of the density of localized states as a function of energy, g (£), in the 
mobility gap (Fig. lb). The second is the doping mechanism which assumes that 
electron trapping in deep states is accompanied by defect creation. The expected 
abrupt decrease of the density of states g (e)«:exp(-e/e0) with the characteristic 
energy e0<kTE plays an important role. This decrease takes place at the energy 
e>£i and at £<82 the distribution g(e) is supposed to be rather smooth. These 
assumptions yield a peak in the thermal carrier distribution at an energy £=£] above 
the Fermi-level p. at T>TE. After sufficiently fast cooling to T <TE the electrons 
remain at £=£2 for a long time because defects which are needed for their thermal

Fig.la Temperature dependence of the conductivity of n-type a-Si:H  meas­
ured after different thermal treatments: 1-3 cooling at different rates 
immediately after annealing at high T : 4 - the sample has been kept at 
room temperature for two months. (From Street et al., ref. 1).

Fig.lb Schematical diagram of localized density of states distribution in n-type 
a-Si:H. Shaded region is electron density in conduction band tail at 
elevated temperature. (After ref. 1).

Maiepiari, 3axi/uneHMfi asTopcbKWM npaBOM
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relaxation are late to create. As a consequence, the conductivity activation energy 
after rapid cooling drops from the value p to a value £i<|i (see Fig lb) in accor­
dance with the experimental data (Fig. la).

It should be emphasized that the above explanation depends sensitively on the 
details of the model and its parameters. For example, the condition e0<IcTe at 
Te ~100°C can be fulfilled for a conduction band tail for which E0 / k ~ 300K.13 But 
for the valence band tail the value c ^ ^ O O K .13 is significantly greater than TE. 
This means that the above interpretation seems not to be valid for explaining the 
behavior of p-type samples in contrast with the observation that the experimental 
results are qualitatively the same in n-type and p-type zz —Si:H. Moreover, tempera­
ture dependences of the conductivity similar to those of n-type material1 were 
observed also in undoped samples.7,8

Another point of Street et al.’s explanation1-4 concerns the kinetics of the per­
sistent conductivity after fast cooling. In reference 1 this kinetics was approximated 
by

riftT^t (1)

where nBT is the electron concentration in the conduction band tail and y~0.1. But 
in subsequent papers2-4 Street et al. proposed the following more complicated rela­
tions commonly used in glasses:

t  p
nfir~exp{-(—)p), x=r0exp(— ). (2)

These authors2-4 suggest a theoretical explanation of Eq. (2) on the basis of
two suppositions. The first is that slow relaxation is caused by a rearrangement of 
the atomic system, for example, by defect creation, which occurs with hydrogen 
participation and is limited by the hydrogen diffusion rate. The second is that the 
diffusion coefficient D is a function of time

D « raexp(—-^p), (3)

where ED is the activation energy of diffusion. Eq. (2) was independently deduced 
by substituting Eq. (3) into the kinetic relation

Marapian, 3axmneHua asTopcbKHM npaBOM
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(4)

which leads to Eq. (2) with

(3=1- a  and ET=ED/{3 (5)

We note two inconsistencies. The first is that the relation (5) between Ex and
Ed contradicts earlier experimental results,1 where E X<ED and (3<1 (for example,
Ep~ 1.2 eV, Ex~0.95 eV, and P=0.7). The second is that according to references 1 
and 2 Eq. (3) implies dispersive diffusion of hydrogen. As a consequence the 
profile of the hydrogen distribution should become non-gaussian with diffusion. On 
the contrary the results of reference 14 show that diffusion leads to the common 
diffusion profile that is described by an error function. The latter observation 
disagrees with Eq. (3).

[Comment by editor: the last statement of the authors is incorrect. J. Kakalios 
and W.B. Jackson have shown that dispersive hydrogen diffusion still results in an 
error function profile of the hydrogen concentration. See p. 231 in "Amorphous 
Silicon and Related Materials" ed. H. Fritzsche (World Scientific, Singapore,

1988)].

3. EXPERIMENTAL RESULTS

Our investigations were carried out on undoped a-Si:H  samples, prepared by 
radio frequency glow discharge decomposition of 100% silane. Quartz was used as 
a substrate and the films were 0.5-1 urn thick. The deposition temperature was 
varied between 200° and 270° C. The reactor was made of stainless steel and was 
pumped to 2xl0~6 Torr before each deposition. The air leakage was 10_5-10_6liters 
Torr/s. The flow rate of silane was chosen to be 0.1-lcm 3/s, and the pressure was 
0.1-0.4 Torr. Aluminum contacts were deposited by magnetron sputtering.

The optical gap of our samples was E0 =1.65-1.'7 eV as obtained from a Tauc 
plot. The electrical and optical measurements were carried out in a special stainless 
steel chamber at a vacuum better than 5X10-4 Torr. The temperature was varied 
between 80 and 500K.

Amorphous silicon samples can show quite different temperature dependences 
of the conductivity a(T) depending on the deposition parameters such as pressure,

Marapian, 3axmneHua asTopcbKHM npaBOM
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gas flow rate, and r.f. power. These a(T) curves might have only one activation 
energy or alternatively might show several kinks. In the following we discuss the 
electrical and optical properties of samples which have two kinks in their o(T) 
dependencies. An example of such a o(T) dependence is shown in Fig. 2. The 
measurements were made while the sample was heated after a prolonged rest at 
room temperature. Three regions may be distinguished. In regions I and in  the 
activation energies EA =0.5 eV and EA =0.65 eV are close to each other and practi­
cally do not depend on the heating rate. In region II the activation energy is 
£4=1.1 eV, a value that is considerably larger than E0I2.

Fig.2 Temperature dependence of the conductivity during heating (black cir­
cles) and cooling (open circles). Vertical arrow is the conductivity 
relaxation at room temperature during 24 hours.

Maiepian, saxmiteHufl aBTopcbKMM npasoM
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In a series of samples the activation energies in regions I and in  were in the 
0.4 - 0.68 eV range while in region II it could reach values of about 1.5 - 1.7 eV in 
agreement with earlier results of Andreev et al.7,8 Region II is observed between 0 
and 100° C. The room temperature conductivities measured before heating and 
after cooling could differ by one order of magnitude. After cooling to room tem­
perature the conductivity slowly relaxes to its initial value. The kinetics of this 
relaxation is shown in Fig. 3. It can be approximated by the power law G ^ t^  with

Fig.3 Conductivity relaxation at room temperature after cooling from 200°C 
down to room temperature g^T~^, y=0.45.

y=0.45. The power law of relaxation agrees with the results of Street et al.1 
Besides measuring g(T) we carried out the following experiments. The sample was 
annealed at 200° C for 10 minutes and then rapidly cooled down to room tempera­
ture. It was then heated to TA<200°C where it was kept for 10 minutes. Then it 
was cooled to room temperature where the conductivity G ^ ^ i^ ) was measured. 
The value of this conductivity turned out to depend on TA. At the same time the 
experimental results did not show any dependence on the heating and cooling rates 
in the range 0.05° Cls<dT/dt <0.5° C/s\ the fastest rate was limited by the design 
of our chamber. The above cyclic measurements were repeated for several TA, in 
each case heating up to 200°C  was avoided in contrast to earlier studies.1,2 The 
results are presented in Fig. 4. It should be noted that the non-monotonic 
behavior of GTOOm(TA) can be understood because the two extreme points refer to 
one preliminary annealing at 200°C , cooling down to room temperature and 
measuring GIoom(TA =200° C). The information about the relevant physical 
processes is contained in the position of the peak in this curve and will be discussed 
in detail in the next section.

MaTepian, 3axnmeHnSi aeTOpCbKHM npasoM
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Fig.4 Room temperature conductivity as a function of annealing temperature 
Ta measured after temperature cycling as described in the text.

By anology with g(Ta ) measurements, cyclic measurements of a(/tv) in the 
hv=0.8-1.6 eV region were carried out. The spectral dependencies a(/zv) in the 
region of low subbandgap absorption were measured by the constant photocurrent 
method.15 The measurements were carried out with coplanar contacts. The abso­
lute values of a  were determined by normalizing the absorption values with direct 
transmission measurements in the high a  regime. Fig. 5 shows an example of the 
a(/zv) dependence measured at room temperature for a sample previously annealed 
at 200° C . Its shape correlates well with results of other authors.15 The exponen­
tial Urbach slope a°*exp(h v/e0) in the 1.4 eV </zv<1.6 eV region and the sub­
bandgap absorption shoulder at A v=1.0—1.2 eV are clearly seen. Figs. 6 and 7 
show the Urbach parameter e0 and the shoulder absoiption a(/zv=1.2 eV) as a func­
tion of Ta , which were measured as described earlier. As in the case of the g(Ta ) 
curve this procedure again yields a coincidence of the left and right extrema points 
of the e0(Ta ) and ocj 2(TA ) 'dependencies. It is worth noting that the extrema posi­
tions coincide for all three curves and are situated near TA =60° C .

M aiapian, aaxmneHwa aBTOpCbkviM ripaaoM
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Fig.5 Spectral dependence of absorption coefficient of a-Si:H  measured by 
the constant photocurrent method.

Fig.6 Urbach tail slope as a function of annealing temperature TA measured
after temperature cycling as described in text.

Fig.7 Absorption coefficient a  at /zv=1.2 eV as a function of annealing tem­
perature TA after temperature cycling as described in text.

Marepian, 3axMineHwfi asTOpCbKUM npasoM
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4. PHENOMENOLOGICAL INTERPRETATION

The longtime relaxations of the sample parameters after annealing and their 
sensitivity to annealing details suggest that these phenomena are related to a recon­
struction of the atomic system. We do not try here to guess what kind of recon­
struction occurs. From a phenomenological point of view each microscopic transi­
tion from one stable state to another produces a change AE in the energy of the 
system as a result of overcoming a potential barrier. Such a transition can be 
described by a double well potential as sketched in Fig. 8. In an amorphous system 
the parameters of the double well potential, such as the asymmetry AE and the bar­
rier height V , will be randomly distributed. The simplest assumption is that these 
distributions are uniform in the ranges 0<AE <A0 and Vmin<V <Vmax. This assump­
tion is valid for explaining the two-level tunneling anomalies in the heat conduc­
tivity, specific heat and sound absorption at very low temperature in glasses.16,17

Double-well potential models were applied to <2-Si:H earlier by Stutzmann18 
and Redfield.19 We develop it here by considering possible variations of parame­
ters caused by the disorder in amorphous systems. We assume that variations in 
physical parameters of a-S i:H  observed in our experiments reflect variations in 
occupancies of potential wells. Let us analyze the results of the measurements 
presented in Figs. 4, 6 and 7 from this point of view. In this model the situation is 
an follows: (1) at the beginning the two-well potential is kept at the temperature 
TA for a time, which is sufficiently long to establish thermodynamical equilibrium; 
(2) then the temperature falls to a lower value r /  so fast that the system becomes 
frozen in; (3) after a short time the temperature rises rapidly to a value TA > r /  and

Fig.8 Double-well potential with barrier height V and asymmetry AE.

Matepian, 3axnmeHwft asTopcbKWM npasoM



138 S. B. Aldabergenova et al.

is kept constant there for a time t ; (4) the temperature drops to where the meas­
urements are carried out. In this scheme the changes in temperature can be 
regarded as instantaneous because we did not observe any dependence on the cool­
ing and heating rates between 0.05 and 0.5 degrees/sec.

It is clear that the second step may be omitted for theoretical modelling. The 
temperature is assumed to jump directly from TA to TA. The fourth step too is not 
important because the temperature drop from TA to T / freezes the occupancies of 
the wells at values corresponding to the temperature TA. We then have the follow­
ing theoretical problem. In the initial state the two-well potential is in

thermodynamical equilibrium at temperature TA. The changes in well occupancies 
should be evaluated after a sharp decrease in temperature from TA to TA. First, the 
solution will be given for only one double well potential. It will then be averaged 
over a random distribution of potentials.

Let P ̂  and P i  be the transition probabilities from the lower to the upper 
minima and vice versa, and let m be the occupancy of the lower minimum. We 
then obtain the kinetic equation:

^~L = -m P  t+d-m)/>4. 
at

(6)

with the initial condition

m =mt =m (t=0) = P i (Ta )z(TA) (7)

The solution of (6) is

m=P l (n )x(T l)e~ 'n+P p d - e - 'n) (8)

where the relaxation time

X = {Pi+P i ) '1 (9)

is a function of TA . It should be noted that P ^/P i  = exp(-AE IkT), so the P i T pro­
duct in Eq. (8) can be expressed as

AF  1 1 aFP ^ l + e x P ( - ~ ) T l = Y +7 tan/!< ^ - )  = m(A£, r A) (10)

with the average value

IcT ^m(TA) s  <in(AE, TA)> = - |+ —^-IncosA(— | - )  (10a)
Z A 0 ZKI A

Marapian, 3axmneHua asTopcbKHM npaBOM



Thermally Induced Metastable Processes in . . . 139

The value m is the average occupancy of the lower well at TA and does not depend 
on the barrier height between the two wells. So the occupancy change is

Am = [m(AE, TA)—m(AE, VA)}(l - e '" 1) (11)

Hq. (11) predicts already a nonmonotonic dependence of Am on TA that is 
very similar to those shown in Figs. 4, 6 and 7. The qualitative explanation is quite 
clear. At low TA the relaxation time x is much greater than any possible time of

measurements, i.e., rs>t so Am —>0 according to Eq. (11). This case corresponds to 
the left extremal points of the dependencies shown in Figs. 4, 6 and 7. At high TA, 
that is at TA -*TA , Am—>0, too, because m (AE, TA)—>m(AE, TA) according to Eq. 
(11). This case seems to correspond to the right extremal points of the dependen­
cies shown in Figs. 4, 6 and 7.

To advance comparison with experimental data, Am should be averaged over 
the distribution of two-well potentials:

<Am>~ f j  —  ( l n - ^ ) ~ lAm(AE,x) (12)

where

m JkTA), andxmil=t0exp(VmJlcTA). (13)

In Eq. (12) we took into account that a uniform barrier height distribution leads to a 
time relaxation distribution proportional to x-1. Integration in Eq. (12) yields

<Am>= T l b (~TA -T' Mrilncosfc( - A - ) - T a lncosh ( - ^ - ) ] ,  (14)
2 kVA 2 kTA

where 6F=Vmax-V min and

L = \n ( t/x 0) (15)

with the characteristic temperature Tt= V . The logarithm in Eq. (15) can be 
as large as 30.

Using Eq. (14) one can calculate the temperature TApl at which <Am> reaches 
it peak value. The analytical1 equations may be expressed for the extremal cases:

l/2(TA+Tt ) at TAc A 0lk 

(TAT,)m  a t T ^ A . / k
(16)
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Note that the temperature TApt is independent of only in the limiting cases 
of Eq. (16), but a dependence TAP\A 0) exists also when Ta ~A0.

Thus in an ensemble of randomly distributed two-well potentials, the relative 
change in occupancy depends on temperature in a nonmonotomic way (when TA is 
changed according to the alogrithm previously described) and has a maximum at the 
temperature TA =T4opt. The physical cause of this maximum is obvious. At 
sufficiently high TA nearly all potentials have fast relaxation times and come to 
equilibrium in the time t. In equilibrium the mean occupancy of the lower well m 
decreases as the temperature is increased. This is just the behavior of Am(TA) at 
Ta >Ta p\  At a low Ta that is reached by fast cooling from TA the occupancy of 
the lower well increases as TA grows, because the ’frozen system’ melts during the 
time t faster at higher TA . Fig. 9 illustrates these conclusions.

Our interpretation of the experimented data shown in Figs. 4, 6 and 7, is based 
on the assumption that the measured characteristics are monotonic functions of 
<Am>. Therefore the dependencies g (Ta ), eq (Ta ), and ot12(T/4) follow the tem­
perature dependence <Am(TA)>, shown in Fig. 9. This argument is supported by 
the coincidence of the positions of the maxima in all three curves of Figs. 4, 6 and 
7.

It is natural to suppose that the transitions in two-well potentials (Fig. 8) 
change some electronic states and consequently lead to changes in conductivity and

Fig.9 Relative change of lower well occupancy as a function of annealing
temperature. Annealing time is / and r2>fi-
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absorption. Experimental data of other authors20 testify that the increase in subgap 
absorption at hv= 1.0—1.2 eV and the increase of the valence band tail slope e0 
correlate with the increase in the spin density of dangling bonds. In our interpreta­
tion the growth of oq 2 and e0 is related to an increase of the mean occupancy of 
the lower wells, as can be seen by comparing Figs. 6 and 7 with Fig. 9. This leads 
to the conclusion that the lowest energy state is achieved when the defect density 
reaches a maximum. In other words, we conclude that the ground state of the 
material is enriched by defects whereas under excitations that lead to transitions to 
the upper well in Fig. 8 the defect concentration decreases.

Let us extend the previous interpretation to measurements of the temperature 
dependencies of the conductivity (Figs. 2 and 3). The conduction is considered to 
proceed via extended states

a  = a 0e x p (--^ )  (17)

where p. is the distance between the Fermi level and the mobility edge. A non­
trivial temperature dependence a(T) should be related to a temperature dependence 
of the Fermi level, |i, which is caused by a variation of the defect concentration 
AM=M(Am) due to transition in the system of double well potentials (Fig. 8). 
Assuming that each defect traps only one carrier (an electron or a hole) the shift of 
the Fermi level through a density of states g (e) can be evaluated as:

n = m J ^ .  (18)

We suppose that }i gains its maximum value \i0 when the occupancies of the 
lower wells are equal to unity. Under excitation the transitions from lower to upper 
wells lead to a decreasing of \x and at T —»«=, <Am>—>1/2 and jj.—»q00.

We now calculate the temperature dependence of the occupancy m of a single 
two-well potential upon cooling and heating with constant and finite speed ^=dT /dt. 
This dependence is determined by the relation between S and St where:

&  = (T /z0 )exp(-V IT) (19)

For average occupancy <m> cannot follow the temperature varia­
tion. Hence it can be regarded as frozen. In the opposite case, when S '^T* <m> 
follows the temperature variation adiabatically. The value S and St are comparable 
only in a narrow temperature range of magnitude
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ATV-T y lL c T y  where L=\n(Tv /^x0) and Tv =V/kL. (20)

Tv is the temperature of equality t= ^j. Fig. 10 presents qualitatively the tempera­
ture dependence of <m >.

We now discuss the behavior of the conductivity behavior as the temperature 
is raised from T =0, where the sample was considered to be in equilibrium. There 
are no well-to-well transitions at very low temperatures because of the presence of 
the minimum barrier in the double-wells. In this case the well occupancies 
remain unchanged and the Fermi level remains fixed at which corresponds to
I of Fig. 11. When the temperature approaches TVmm the frozen-in system of 

double-wells melts and <m> and ji decrease. The width of the corresponding 
region II in Fig. 11 is approximately ATv . As the temperature rises in this region,

<Am> rises sharply from zero to approximately L ATV ̂ b V = V  ̂ ^ /L b V  multiplied 

by the equilibrium value of m, corresponding T=TVmjn=Tt . During subsequent 
heating <m> can be expressed by using m(T)  shown in Fig. 10. Hence

<Am > = [m(T \ )-m  (T2)]x"

LkT 2-V,
bV

for T 2<-
V.
kL

1 for T n>-
V (21a)

max
kL

Fig. 10 Temperature dependence of lower well occupancy (m) while heating 
from T j to T 2 arid cooling at finite rates. Dashed curve shows equili­
brium occupancy, 8m is hysteresis.
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Fig. 11 Speculative shape of temperature dependence of conductivity depen­
dence. Dashed curves are related to following activation energies: a - 
(l0, b - p.^, c - activation energy decreases linearly from \i0 , d- 

intermediate between 110 and p. .̂ Regions I-IV are described in the 
text.

The first factor in Eq. (21a) describes the change of the mean equilibrium 
occupancy and the second factor is the fraction of double-wells which are in ther­
mal equilibrium at temperature T 2. If the difference between T 2 and T ± is small, 
i.e., T 2- T i<zT 2, then Eq. (21a) gives

<Am> = Lk‘
A05V

[lncosfc ( ) - - r ~ ~ ^ h { - —̂ — )]{T2-T
2 *7V  2 kT 2kT'

T 2-T t for T 2< 

5F

Vmax
kL

v  (21b)* VC ry, max
kL for

The dependence of <Am > on T 2 is close to quadratic when

T i <Vm J kL or T  2<A0/A: (22)

The first inequality implies a linear growth with T 2 of the fraction of potentials that 
are in thermal equilibrium. The second inequality means that the mean equilibrium 
occupancies of double-wells depend linearly on T 2. Under these conditions a 
superlinear change in Fermi level position leads to a temperature dependence of the 
conductivity as shown by region III in Fig. 11. As the temperature is furtherMaTepian, 3axvimeHWM asTopCbKuM npasoM
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increased, one of the inequalities (22) ceases to hold and consequently <Am> 
approaches a linear T dependence. This is reflected by region IV in Fig. 11. A 
further growth of T2 disturbs both inequalities (22). The Fermi level approaches 
then its extreme position and practically becomes independent of temperature. It 
should also be emphasized that the values of the conductivity activation energy in 
regions II and III have no physical meaning and may be greater than Eg .

Now we analyze the o(T)  dependence during cooling as the temperature 
decreases from T2 to T ±<T2. This T -dependence is not the same as that observed 
during heating. There is some hysteresis caused by ffozen-in potentials which prac­
tically do not change their occupancies. Fig. 10 shows that the contribution of 
double-wells with fixed Tv =V/kL is equal to 8m =m(Ti)-m(Tv ). Hence, the 
resulting hysteresis can be obtained by averaging 8m over all barriers:

V
<Sm>= f(-^-lncos/z—--------— lncos h

J V A OIrT A
kTx

T Ao 2 kT A, 2 kTx
LkdTv

8V
(23)

where T=max(T\,Tt ), T'=mm(T2, Vmax/kL) and T<T'. We mention as an example 
that at T 2-T \< T 2 the hysteresis is

<8m> = L k‘
2A0bV

[lncosh (• ) ~
2 kTo 2 kT

tanh(A0/2kT2)]0 '2- T 1y (24)

Comparing this with Eq. (21b) one finds that at T=Tt the hysteresis is about one 
half of the <Am> change during heating. But in general the value of <8m>/<Am> 
is larger than 0.5. When the hysteresis is well pronounced, the Fermi level is prac­
tically immobile during cooling. The corresponding conductivity change is shown 
in Fig. 11. We believe that the temperature dependence of the conductivity shown 
in Fig. 11 presents a phenomenological explanation of the experimental data shown 
in Fig. 2. A comparison of the curves of Fig. 2 and 11 enables us to estimate the 
parameters of our phenomonological model.

The temperature dependence of the conductivity in another possible measure­
ment regime is shown in Fig. 12. At the beginning, the sample is swiftly cooled 
down to temperature T 2. After resting at this temperature for a long time, it is then 
rapidly heated. Just this regime was realized by Street et al.1 The details of the 
conductivity curve are found to depend on the prior history of sample. Thus the 
a(T) dependence would be flat if the Fermi level does not sink below the equili-
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Fig. 12 Temperature dependencies of conductivity with are predicted in the fol­
lowing regions:
1 - fast cooling, 2 insothermal annealing at 7^, 3 - fast heating. The 
period of isothermal annealing in 1, 2, 3 processes is less than in 1, 2', 
3' processes.

brium value 11(7,). In the opposite case when the time of rest is sufficiently long to 
permit the Fermi level to descend below p.(7,), the a(T) dependence is much 
steeper because the Fermi level moves quickly with increasing temperature. Similar 
dependencies have been observed by Street et al.1 in doped material and by us in 
the present work on undoped material. The activation energy was found to increase

with the resting time in agreement with our theoretical predictions which are 
schematically shown in Fig. 12. Here curves 1, 2 and 3 are converted into curves 
1, 2 and 3, respectively, as the resting time t is increased.

Consider now the time relaxation of the frozen-in conductivity. Let the tem­
perature drop sharply from T 2 to T {>Tt . In this case the conductivity remains 
frozen-in, following curve d in Fig. 11. Its relaxation law is defined by a shift of 
the Fermi level to the equilibrium position |i(T j), i.e.:
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CMCXp{_ A t(£ l) = exp(—M<Am-('-)- )  (25)
kT g(il)kT

Taking <Am(t)> from Eq. (14) one finds

(——̂ V  and xmin=T0 exp(— ) (26)
Xmin ** 1 ‘

where

Mk
g([i) A05V

A0 A 0
[T ̂ ncos/z ( ^ ^  ) -T 2lncos/i (— — )].

2 kT 2kT'
(27)

Thus the relaxation of the frozen-in conductivity follows a power law. This predic­
tion is in a good agreement with the experimental results of Street et al.1 and with 
the results obtained in the present work (see Fig. 3).

The model under discussion allows us to compare the results of temperature 
cycling with those of frozen-in conductivity measurements. Eqs. (14), (18) and (27) 
enable us to find a relation between y^O.4-0.5 and the relative change of the con­
ductivity at temperature TApt in Fig. 4. It should be emphasized that TApt is here 
the annealing temperature, and all measurements after T -cycling were carried out at 
room temperature. The relation is

ln[ groom <Ta ) 
groom W * )

] = yL ( T ^ l-T, (28)

The right hand side of Eq. (29) is equal to 2.4 if we assume that in accordance with 
previous results TApt-T t=6OK, T™om=300K, y=0.4 and L=30 is the most reasonable 
value. This value 2.4 is in good agreement with the value of the logarithm in (28), 
which is equal to 1.8. Considering the uncertainty in the TApl and y measurements

as well as the somewhat arbitrary choice of L (with a possible error of about 10%), 
we can conclude that Eq. (28) is supported by experiment.

We now evaluate the parameters of our model. The lower temperature kink of 
the g(T) curve in Fig. 2 is situated at T ~0° C , which yields Tt~Q°C. This value 
leads to ^ ,^= 0 .7  eV for L=30. With this Tt value and TA=200°C we obtain from 
Eq. (16) TJl^lOQPC when T\<zA0/k and TApt=90°C when TA^>AQ/k. These 
values agree well with the experimental value TApt=60° C . It should be noted that 
the proximity of the TApt values estimated for the two extreme cases implies that 
AQ~kTlA. Hence A0 may be estimated to be 0.04 eV. This value should be substi-
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tuted into Eq. (27). Assuming Tx=20PC, T2=200°C, 7*0.4 one obtains 
M/#6V=0.5. Let us now analyze the Eqs. (21b) and (18). They predict a linear 
shift of the Fermi level with temperature above the high temperature kink position 
in Fig. 2 or in region IV of Fig. 11. A linear shift $T of the Fermi level results in 
an increase of the preexponential factor a0 by exp(3/)k) relative to its value at 
T <Tt . The measured value Alogo„ =2-3 (Fig. 2) should be compared with Eq. 
(21b) assuming T2<V mtx/kL. In the following we show that Vm„  is approximately 
equal to the hydrogen diffusion activation energy, i.e., Vmjix=1.5 eV.14 In sum­
mary, the parameters of our model have the following values: Ao=0.04 eV, 
V ^-0.7  eV, Vmu~l.5 eV, M/g(M)=0.4 eV.

Our model allows us therefore to explain in a consistent way all experimental 
results concerning metastable thermal processes. We believe that the results 
obtained by Street et al.1-5 can be explained by the same model although the 
numerical parameters may differ from ours.

We now tum to our assumption that the lower minimum of the double-well 
potential is related to the defect rich configuration of a-Si:H. This assumption 
contains two uncertainties. First, it implies that under any external action the defect 
concentration cannot change more than by a factor of two, namely from 1/2 to 1. 
Second, it is quite unclear why in amorphous systems which have considerable 
structure defects, the difference AE in energy between defect poor and defect rich 
configurations is always positive while it can be very close to zero. We suggest 
two explanations. The first is the following: One should admit the presence of 
configurations with a different sign of AE. Simultaneously it should be supposed

that the concentration of configurations with A£>0 is higher and hence plays the 
dominant role. This supposition explains the above uncertainties. Another explana­
tion will be developed in the next section. Its main idea is that the applicability of 
our phenomenological approach is quite limited and in reality metastable thermal 
processes cannot be fully described by the simplest form of the double-well poten­
tial model.

5. FLUCTUATIONS IN DISORDERED SYSTEMS
In this section we discuss the general problem of the interation between elec­

trons and mobile impurities in disordered systems. In the next chapter we concre­
tize the general model for a-Si:H where the role of impurity is played by hydro­
gen.
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Let us analyze the reduction in total energy due to a rearrangement of bonded 
hydrogen atoms via an interaction with localized electrons. The idea, that in the 
presence of localized carriers neutral impurities can form spatial configurations lead­
ing to a decrease in total energy, was proposed by Krivoglaz21 for crystalline 
materials. Self-bound states of neutral impurities and localized electrons were 
called fluctuons by him. We consider here similar states in a-S i:H  with hydrogen 
playing the role of neutral impurities. Following Krivoglaz we call these forma­
tions fluctuons even though they are quite different from fluctuons in crystals.

The main features of Krivoglaz’ theory are the following. The kinetic energy 
of an electron localized in an area with linear dimensions R is of order fl2/mR2 
while its potential energy depends linearly on the local impurity concentration n. 
The deviation An from its average value may lead to a reduction in electron energy 
by A 'An , where A ' = const. But it leads to a decrease of entropy and an increase 
in free energy approximately by the value 77?3An. As a consequence, the free 
energy can be expressed as:

ft2F ~-A 'An + -^ — +77? 3An (29)
mR2

without taking account interactions between impurities. At any given value F 
reaches a minimum at An =0 or Anmax, when the impurity either occupies or leaves

all available sites in the neighborhood of the localized electron. In fact, An should 
be fixed at Anmax~a~3, where a is the characteristic interatomic distance. Then to 
minimize Eq. (29), R should be approximately equal to (ti2/mT An)1/5» a . Hence 
the fluctuon is spread over many elementary crystalline cells. This approach is 
characterized by the appearance of an impurity phase.

The greatest difference between crystalline and amorphous solids is that the 
potential relief of impurity atoms in an amorphous system is randomly disturbed 
due to the disorder. An example of such a distribution is shown in Fig. 13. To 
simplify our considerations we suppose that the energetical minima are randomly 
distributed in range B. At T=0 the potential wells consequently are filled by impur­
ity atoms from a minimum energy up to a certain demarcation energy p,- (Fig. 13).

Consider now a sphere of radius R>a, where the electron is localized at 
energy E0 below the mobility edge. As in Eq. (29) the electron interacts linearly 
with the local impurity concentration. But unlike in crystals the deviation of the
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Fig. 13 (a) A fluctuation of hydrogen concentration in the region of electron
localization at fluctuon formation;
(b) Random potential relief for hydrogen atom and energy distribution 
of potential minima. Minima 1 and 3 are filled in the absence of elec­
tron. In the presence of electron minima 2 and 4 are filled too. This is 
the fluctuon formation.

local concentration from its mean value leads to an energy loss even at zero tem­
perature. Specifically, suppose that AN extra impurities are introduced in a locali­
zation region containing (R la )3 sites. They fill energetical minima in a range from 
P; to where b=B (a/R)3AN (see Fig. 13). Hence the energy increase is
(l/2)b AN=(B I2)(a/R)3(AN)2 and the total energy of the fluctuon is

E -  E„-A ( j f A N + j t j f y A N ) 2 (30)

It reaches a minimum value when

AN = N 0 = j  (31)

Then
2

E = E0-W a where (32)

Here and later we assume for clarity that A >0, which corresponds to an energy 
decrease when the impurity concentration increases in the localization volume. 
Also for simplicity we consider fluctuon formation around a localized electron only 
because the effects are qualitatively the same for holes.
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Expressions (30) - (32) are formally the same as those for polarons, when 
deformation is substituted by excess concentration of impurities, and W0 in Eq. (32) 
is playing the role of the polaron shift

We do not consider the detailed shape of the localized electron wavefunction. 
In the present model the wavefunction is characterized by the localization radius R 
only. In principle, the magnitude of R can be estimated self-consistendy by satisfy­
ing the minimum E(R) with Ea(R) given. But in a real amorphous system the 
function Ea(JR) is not known. That is why we use R -TO Aas an empirical estimate 
of the localization radius in a-SuH.22

The parameter A can be estimated in the following way. In the hypothetical 
case when R=a, the energy of interaction between the electron and the impurity 
will be of the same order as in an atom, i.e., 4 -10  eV. The parameter B , that 
characterizes the potential fluctuations, can be estimated from experimental data 
about impurity diffusion rates in amorphous alloys,23 which give B~1 eV. Assum­
ing R/a~ 10, one obtains the values N0~ 10 and Wo~0.1 eV. The short-order 
interaction between impurities can be neglected because Na <(/? la )3. It also fol­
lows that b < £ .

Eqs. (30) - (32) define only average values of the parameters. There are 
fluctuations in these values which are produced by variations in the impurity poten­
tial wells in the neighborhood of the localized electron. To investigate such fluctua­
tions let us consider a layer of width b above the Fermi level |i, (Fig. 13). When 
AN excess impurities are introduced in this energy layer in the neighborhood of the 
electron, the absolute variation in energy is

W = A i-jfA N -^-bA N

Fluctuations are caused by deviations of AN from its mean value.

(33)

(34)

The distribution of fluctuations under consideration obeys Poisson’s law

s  exp{ - 5 (AN, A N )} (35)
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Optimization of the exponent in Eq. (35) permits us to express the probability dis­
tribution of fluctuonic energies as

p(W )ocexp {-S 0 (W )},

where

S*(W) = (-
W-W„

WN,

• ) X  foT \W -W 0\*:W0 ,

s0m  = - n r - w - n r ^ for w * w 0.
Wo Wo

It is clear that the probability for fluctuations decreases strongly as W increases. In 
the following we ignore this W dispersion altogether and assume W=Wa. This 
simplification does not influence our general results. A more detailed analysis of 
the effect of W dispersion has been carried out by Karpov et al.12

Let us now discuss fluctuons at finite temperatures. We introduce a new term 
related to entropy in the expression for the free energy

(36)

(37)

F = E0-W0+
W' _  K1

(N-N0-N)2+kT\n^z.
NN ‘

(38)

The first three terms give the mean energy of the fluctuon, Eq. (30), having N 
impurity atoms in the localization region. Minimization of Eq. (38) leads to

Z + lnZ=0,

Z s N Tf 
N„ T ’

(39)

0  = Tf T+—zr N
T +ln(

I I  J L
T ),

where

Tf  =
2W0
kNn

(40)

Tf plays the role of the characteristic temperature of fluctuon disintegration due to 
’evaporation’ of impurity atoms. For low and high temperatures Eq. (40) gives
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N = (N0+N){ 1 --^ -  ——̂ = ln (l+-=-)} for T c T f , (41)
Tf  N0+N N J

-  T f
N = N (\+ ~jr)  for T^>Tf .

It should be emphasized that Eqs. (38) - (41) are valid when the impurity con­
centration n is much greater than the electron concentration ne, that is when 
n^>N0ne . Only under this condition are fluctuons formed and exist independently 
of each other. In the opposite case, when n<N0ne the behavior of the system is 
quite different. We will not discuss this situation here because in a-Si:H , the 
hydrogen concentration n~1021cm~3 is much higher than the concentration of local­
ized electrons ne~1019cm-3 even when A^-10.

We shall now finish the general description of the fluctuon model and discuss 
its consequences for <2-Si:H in order to understand the metastable thermal processes 
described earlier in section 4.

6. FLUCTUON MODEL OF a-Si:H

In this chapter we apply the fluctuon model to a-Si:H. Here the role of mov­
ing impurity atoms is played by hydrogen atoms. Hydrogen diffusion is appreciable 
between 300 and 500K and may change spatial configurations during the time of 
the experiment. The general result of the previous chapter, which we use here, is 
that fluctuon formation reduces the energy by a value W equal to several tenth of 
electron volt and that fluctuons disintegrate at a characteristic temperature Tf which 
is of the order of several hundred degrees Kelvin.

We suppose that fluctuons are formed with assistance of electrons that are 
localized on defects such as dangling bonds, which are the dominant defects in the 
mobility gap. It is known that the hydrogen concentration in a-S i:H  substantially 
exceeds that of dangling bonds. Hydrogen leads to passivation of dangling bonds 
by the formation of stronger Si:H bonds having more compact wave functions. 
This means that passivated bonds are less sensitive to the surrounding local 
configurations of hydrogen atoms. In other words, the fluctuonic effect is 
suppressed by the dangling bond passivation.
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At a given temperature there is equilibrium between the concentrations of pas­
sivated and non-passivated dangling bonds. Upon heating this equilibrium is shifted 
towards passivated bonds. The decrease in non-passivated dangling bond concen­
tration is caused by thermally induced disintegration of fluctuons. The increase in 
fluctuon energy makes passivated bonds preferable. This mechanism is illustrated 
in Fig. 14.

This situation can be explained from another point of view. Let us divide the 
hydrogen atoms into two groups: ’passivating’ hydrogen atoms (Hp ) and 'non­
passivating’ hydrogen atoms (H^) .  We use here the term ’passivating hydrogen’ 
for those atoms which would originate dangling if they were removed. ’Non­
passivating hydrogen’ is clustered hydrogen and weakly bonded hydrogen for exam­
ple, in other words, all hydrogen which does not produce dangling bonds when it is 
removed. The energy distributions of these two kinds of hydrogen are shown in 
Fig. 15. The origins of the Hp and H distributions are energy fluctuations in 
amorphous systems such as a-Si:H . The shapes of the distributions sketched in 
Fig. 15 are determined from the following well known facts: (i) The Hp concentra­
tion is a small fraction of the total hydrogen concentration, (ii) the largest fraction 
of dangling bonds is passivated, (iii) the total hydrogen concentration in a-Si:H  is 
much larger than that needed to passivate dangling bonds. Fluctuons are mostly 
formed with the assistance of H ^  atoms. Thermal decomposition of fluctuons 
forces hydrogen atoms to leave fluctuons and to increase their energy. This process 
can be represented by a shift of the H distribution in Fig. 15 to higher energies, 
hence the Hp concentration increases. In other words passivation grows with tem­
perature.

The above speculations mean that there are two kinds of neighboring energy 
states: fluctuonic states which include dangling bonds and the states of bonds pas­
sivated by hydrogen. These two kinds of states correspond to substantially different 
local configurations of hydrogen which are schematically shown in Fig. 14 and 16. 
The transition of an electron between these two states is followed by hydrogen 
diffusion. In a-Si:H  the magnitudes of the potential barriers for diffusion fluctuate 
in some range F min<V<V/ max, where V is approximately 1 eV. This value is much 
larger than the energy barrier W 14 between the two wells shown in Fig. 16.
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Fig. 14 Dangling bond passivation upon heating. Left side shows fluctuon 
disintegration which occurs by hydrogen ’evaporation’. Triangle is 
three-fold coordinated atom of silicon with one dangling bond. The 
radius of electron localization on dangling bond is R. Fluctuon disin­
tegration increases energy of system hence passivation is energetically 
favorable. Black circles are hydrogen atoms.

Hydrogen Atoms

Fig. 15 Passivating, p p(E), and non-passivating, pnp (E),

distribution of hydrogen. The states situated higher that Elt are empty, 
those lower than Eh are filled. Total hydrogen concentration is
oo

\\VP+Vnp\dE• Relatively small concentration of unpassivated dangling 
o

oo

bonds is j[ (>p (E )dE.
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Fig. 16 Passivated bond (1) and fluctuon (2) energies as a function of number 
of excess hydrogen atoms in the region of electron localization. 
Dashed line shows the energy of excess hydrogen atoms expressed by 
Eq. (42). 80 is initial energy of an electron in the absence of hydrogen 
atoms, W is energy shift due to fluctuon formation.

Hence the transition rate between the two wells is determined by the heights of the 
diffusion barriers. It should be mentioned also that the energies of the left and of 
the right minima are distributed because of fluctuations in the values of E0 and W 
and fluctuations of passivated bond energies. Hence there exists occasional asym­
metries AE between two minima in Fig. 16. The sign of AB can be negative or 
positive. To this extent the present model agrees with the phenomenological model 
of double-well potentials given in Chapter 4 and provides its physical interpretation.

However, this agreement has its limitations. We assumeed that the parameters 
of the double-well potential of Fig. 8 are independent of temperature. This very 
common assumption is not made in the fluctuon model. At finite temperatures one 
should analyze free energies F = E+lcTN\n(N /N),  instead of energies of two states. 
The functions F(N)  does depend on temperature in contrast to E(/V) in Fig. 16. 
The difference between the energies of the minima grows with temperature:

A E = const + N0kT\n(N/N)  (42)
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Consequently, the double-well potential asymmetry depends on temperature and the 
energy of defect rich state grows as the temperature increases regardless of the sign 
of AE . Taking into account the temperature dependence of the number of hydrogen 
atoms in fluctuons defined by Eq. (41) one can easily see that AE depends strongly 
on temperature at T<Tt. At T>Tj one finds N~N,  and the temperature depen­
dence of Eq. (42) vanishes. So the concentration of fluctuon defect states decreases 
while the concentration of passivated bonds grow as the temperature increases for 
T<Tj because of the temperature dependence of AE in the phenomenological 
double-well potential model in Chapter 4. Now it can be introduced incorporated in 
the phenomenological model by using the limit A0-kT  for the width of the distribu­
tion of occasional energies AE . In this way the occupancies of the wells vary with 
temperature only for T<7y, in agreement with the fluctuon model. Hence, the mag­
nitude of A0 estimated in Chapter 4 yield a value for Tf of Tf ~A0 Ik =400K. This 
value agrees well with the theoretical estimate of Tf obtained in Chapter 5.

Another remark about the accord between the phenomenological model and the 
fluctuon model concerns the kinetic properties. The fluctuon model suggests that 
transitions between two states are related to hydrogen diffusion in the random 

potential relief. The properties of such diffusion are determined by the topology of 
the available ways for random walks. Preliminary analysis shows that these ways 
form a fractal with a dimension that depends on temperature. The problem requires 
additional discussions that go beyond the scope of this article. We wish to remark 
only that at the initial stage the relaxation is governed by unique hops of atoms 
while substantial transitions are not important. Hence the phenomenological model 
seems to give an essentially identical description of the relaxation at its initial stage.

7. CONCLUSIONS

In summary we wish to emphasize the following results.

1. We carried out new experiments in which electrical and optical parameters 
of a-Si:H  were measured in response to cyclically varying temperature. The quan­
tities we measured depend non-monotonically on the annealing temperature TA. 
The shapes of these dependencies and particularly the positions of the maxima yield 
information about processes in the disordered system. Here we present the results 
of cyclical measurements of the conductivity, the absorption coefficient and the 
slope of Urbach tail. In future we plan to carry out similar measurements of the 
photoconductivity and photoluminescence in intrinsic and doped samples.
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