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Theoretical interpretation of the thermally stimulated conductifit$C) is suggested for the temperatures at
which transport is via hopping of carriers through localized bandtail states. The description is not based on
specific assumptions used in the most of the previous TSC theories, such as, e.g., neglect of the retrapping of
mobile carriers, etc. Our approach is based on the general concept of the transport energy according to which
the transport path of hopping electrons in the bandtail is temperature dependent. This theory allows for a
natural extension to higher temperatures and accounts for all existing experimentally observed trends in the
TSC including the puzzling so far pinning of the low-temperature maximum on the TSC curves at different
initial temperatures. Experimental results for the low-temperature TSC are presented, which are consistent with
the theoretical prediction$§S0163-182607)00224-5

I. INTRODUCTION cannot be neglected. A theory of the TSC taking recombina-
tion into account was suggested by Fritzsche and Ib&raki.
Thermally stimulated conductivitfTSC) has been being The authors assumed that after a long déjaabout 1 h the
measured since more than 50 years in various crystalline ar@distribution of photoexcited carriers in the trapping states
amorphous semiconductdfst® In these measurements a corresponds to the thermal equilibrium at temperaflige
Samp|e is cooled to a low temperatl]'r@’ photoexcited for a Only CarriFT'rS in the exten.ded. states above the mOblIlty edge
time t,, and after a delay periog, the sample is heated in Were considered as contributing to the current. The TSC was
darkness at a constant rg@evhile the thermostimulated cur- assumed to arise from a balance t_)etween thermal emission
rent is measured. The TSC technique has attracted increasifigd recombination. As the sample is heated in the darkness,

attention over the last years due to the ease with which ex!1€ thermal emission occurs from progressively lower-lying

periments can be performed and the hope to obtain with it§@PPing states, and the magnitude of the Tfsc is there-
help important information on the energy distribution of the fOré expected to be proportional to the product of the density

density of state¢DOS) in the gap. It is worth noting, how- of statesg(e) of the traps and the occupation probability
ever, that the information on the DOS extracted from thefo(€: To) at the end of the delay tirfle

TSC measurements essentially depends on the interpretation
of the TSC phenomenon.

Simmons, Taylor, and Taln suggested a consistent
theory of the TSC in a system with a continuous energy
distribution of localized states below the band edges. In thisvheree is the electronic chargeuqr is the free-electron
theory only carriers in extended states above the mobilitynobility-lifetime product,g(e) is the density of gap states,
edges were considered as mobile and it was assumed that taed E, is the maximum—TSC—emission energy, which
carriers that are thermally emitted from the traps are swepmnoves towards midgap with time and temperatdrahe
out of the sample before they can recombine. Such a theorgrucial assumptions of this approach a(®:the complete
can be valid perhaps at high electric fields at which carriersieglecting of the retrapping processes #indthe treatment
are swept out very efficiently and also at high enough temef the system as being in the “steady state,” i.e., the exact
peratures at which hopping via localized band-tail states dodsalance between thermal emission and recombination was
not contribute to the transport properties significantly. assumed:?

Experiments with the TSC technique are usually carried In reality, the thermostimulated conductivibysc arises
out at low electric fields at which recombination processedrom the interplay between the thermal emission of electrons

o1sc*€moTo9(Em) fo(Em, To), 1
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-10 contribute to the TSC. This is correct at high enough tem-

g peratures. However, many interesting peculiarities in the
-~ ggllé temperature dependence of the TSC are usually observed at
-11F Dk low temperatures, at which transport is via hopping of elec-

F - 80K ‘ trons between localized bandtail states. In Fig. | typical tem-
~100K perature dependences of the TSC are shown for different
initial temperaturest, which were obtained at the heating
rate3=2 K min~! (see Ref. 19 for experimental detail5or
Ty<65 K a pronounced maximum @&t,~90 K is observed,
which is independent of the value ©f . Similar curves were
obtained by other authot&? though with different values of
T, also independent of .

0 50 100 150 In the temperature range below120 K the hopping of
T (K) electrons via localized band-tail states will probably domi-
nate the transport mechanigfh,and the corresponding

FIG. 1. The TSC curves foa Si:H with different starting tem-  theory of the TSC, taking hopping transport into account.
peraturesT, in the range from 20 to 100 K. Below we present such a theory based on the picture of the

temperature-dependent hopping in band tails suggested by

. 20 .
from the traps to the transport states and their retrapping andhklovskiiet al.™ At high enoughl when the transport path
recombination. The concentration of the conducting elec®f carriers emerges into the mobility edge, our description

(Bcm)™?

12 f

TSC

Log,,0

tronsn obeys the equation automatically converges with that of Gu, Xu, and Ddfig.
The paper is arranged as follows. In Sec. Il we present a
dn n new qualitative interpretation of the low-temperature TSC.
T n,—n_-— T_o' (2 New experimental results on the temperature dependence of

the o15¢ at different heating rates and for annealed and deg-
wheren, andn_ are the rates of the increase mfdue to ~ adated samples are also present, which agree well with the

thermal emission and its decrease due to retrapping, respetvggested qualitative picture. In Sec. Il a complete set of
tively, and 7, is the lifetime of the conducting electrons, ate equations is presented that allows one to describe the
which depends on, T and also on the whole concentration TSC at low temperatures at which hopping is the dominant
of trapped and free carriers in the system. In the approach, ¢fansport mechanism. This approach is based on the concept

Fritzsche and Ibarakiterm n_ was neglected and it was ©f the “transport energy” for hopping of electrons in the
assumed thatn/dt=0, i.e.,n=ryn, , which automatically band tails. Quantitative numerical solution of these equations

leads to Eq(1). gives results in excellent agreement With the observed trends
Predictions of this approach were verified experimentally ©f the low-temperature TSC. Concluding remarks are gath-
Zhou and Elliott® found inconsistencies between the experi-€€d in Sec. IV.
mental data and the theoretical results at low temperatures.
Analyzing the similarity between the temperature depen- IIl. QUALITATIVE PICTURE
d_e_nce of the TSC _and that of the steady—;tate photoconduc- OF THE LOW-TEMPERATURE TSC
tivity, Zhou and Elliott came to the conclusion that the TSC
is probably controlled by recombination, rather than by ther- At low temperatures the hopping of electrons via local-
mal emission of trapped electrons. Under such circumstancezed band-tail states determines various transport phenomena
Eq. (1) is not valid. Concerning this equation, it is also very in disordered semiconductors, in particular, in amorphous
difficult to justify the neglecting of the retrapping processesmaterials. It was shown to be the case for the equilibrium
in the description of the TSE The relative efficiency of the dark conductivity?>? for nonequilibrium relaxation of ex-
retrapping of free electrons as compared to their recombinasess electrorid and for the steady-state photoconductity.
tion was recently evaluated from the experimental data oiit is reasonable therefore to assume that in the TSC experi-
the photoconductivity decay after terminating thements at low temperatures, hopping of carriers through lo-
excitation!’ It was found that even at room temperatures thecalized band-tail states also plays a dominant role. The main
recombination time for free carriers is larger by many orderdeature of this hopping is as follow87%* At very low tem-
of magnitude than the trapping time. At lower temperaturegperatures the transport path of electrons lies deep in the band
at which TSC is usually measured the relation must be evetail and the hopping mobility of carriers is low due to the
more drastic. Therefore the retrapping processes should Harge distances between the localized states involved in the
undoubtedly taken into account in the theoretical interpretahopping processes. When raising temperature progressively,
tion of the TSC. more shallow states are used by electrons in their hopping
A theory of the TSC taking into account all three impor- and the carrier mobility increases drastically because local-
tant processes, i.e., thermal emission, retrapping, and recorized states involved become closer in space and the tunneling
bination, has been suggested by Gu, Xu, and D8nthis  between them becomes exponentially easier. At some par-
theory has not been put to extensive use perhaps due to iisular temperaturd .;; the transport path emerges into the
guantitative and not qualitative formulation. One should alsamobility edge and the mobility achieves its value for free
note that Gu, Xu, and Donfjassumed that only free carriers, carriersug. At T>T; movement of electrons in extended
i.e., those in the extended states above mobility edges, catates above the mobility edge determines the transport prop-
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=20 K than atT,=50 K. During the slow heating process
the carriers continue to recombine and the number of carriers
3 that disappear from the system per second périsrhigher
i for higher total amount of carriers in the system, i.e., recom-
bination atT~55 K is more intensive in the case daf,
=20K than in the case of ;=50 K. The shape obgc
s (T) at low T is determined by the interplay between the
increase ofu(T) due to the movement of the transport path
towards more shallow tail states and the decrease(®)
due to the successive recombination. Therefore initial in-
crease ofoqsc (T) is steeper forTo=50 K than for T,
FIG. 2. Schematic temperature dependence of the hopping mo- 20K, bec.aus.m('ll') for these two cases is the same and
bility. the recombination is less pronounced fity=50 K due to
the lower total amount of carriers in the system. After the
erties. Schematic temperature dependence of the electréhve of orsc (T) for To=50 K emerges into that fol
mobility «(T) is shown in Fig. 2. In order to calculate the =20 K there is no difference between these two cases any-
dependence(T) and the value ofl . quantitatively, it is more. Curves for larger values 8} emerge into the curve
necessary to possess particular information on the density ér To=20 K at higher temperatures, respectively.
states in the taifj(¢) and also the dependence of the local- In previous studies of the TSC, particular attention has
ization lengtha(€) of carriers in the localized tail states on been given to the dependencecgfsT) on the value of the
the localization energy in the vicinity of the mobility edge, starting temperaturd,. Concerning this dependence, it is
as well as the magnitude of the microscopic mobifity of  well seen in Fig. 1 that there is some universal cuffioe
free electrons. As long as these parameters cannot be calcgiven values of, t,, andt,) obtained aff,=20 K and all
lated from the first principles, we do not want to speculate ortyrves forT,>20 K just emerge into it at some higher tem-

Mobility

T (K)

the value ofT ;. peratures. This behavior is absolutely natural. The higher is
Thermally stimulated conductivity1s(T) is determined T the lower is the starting concentration of carriers in the
by the equation system, because more of them recombine during the delay
periodt, at higherT,. Recombination is less efficient for
orsc=en(T)N(T), (3 Jower concentration of carriers and, hence, for highigr

where n(T) is the concentration of mobile electrons. The Carr?er mobility depending just of doe_s not depend on the
term “mobile electrons” should be specified more clearly, of Starting temperaturé, . Therefore, the increase ofrsc with
course. We clarify this in the next section and here we as 1S always steeper for highdl, in good agreement with the
sume thah(T) is the concentration of carriers possessing the2XPerimental data in Fig. 1. In the “steady-state” description
mobility 1(T), which contribute mostly to the transport phe- Provided by Eq.(1) the tendency should be just opposite:
nomena at temperatufe the initial rise of orgc With T should be steeper for lower
The main feature of our model of the low-temperatureTo being determined by the functidip at T=T,. The pin-
TSC is that it is determined by the interplay between thening of the positionT, of the low-temperature TSC maxi-
hopping mobilityw(T) increasing withT and the concentra- mum for low T is also inherent in the suggested picture. All
tion of carriers in the system, decreasing in the course obs(T) curves at differenT, that emerge into the universal
time due to recombination. We do not assume that the confSC curve (that at very low To~20K) at temperatures
centration of mobile carriers)(T) obeys the steady-state smaller thanT,, have the same maximum positidn, be-
condition dn/dt=0 as has been done in the most of thecause they just do not differ from each other after they con-
previous theoretical descriptions of the TSC. verge. If the measurements of the TSC start at sdipe
Let us compare the values ofisc at T~55K in Fig. 1  which is higher thanT, corresponding to lower values of
for To=20K andT,=50 K. We see that aT,=50K the  T,, the maximum in the suggested picture has to shift to-
value of orsc (55 K) is much lower than that al,=20 K.  ward higher temperatures, if it appears at all.
The mobility «(T) determined just by the actual temperature  Up to now we discussed qualitatively the behavior of
(T=55K) is the same for these two cases. Therefore, inys(T) at low temperatures. The main idea was that the
accordance with Eq3), the only reason for the difference in TSC at lowT is provided by hopping of electrons via local-
the values ofrrsc (55 K) can be the difference in the values ized band-tail states and that the concentration of the carriers
of n in these two cases. As long as the light inten&itgand  is controlled by their recombination. When the temperature
the excitation duration, were the same in these two cas®s, is increased in the heating process, the transport path of car-
the total amount of generated carriers was also the sameéers in the tail moves toward more shallow states and at
Hence the only reason why there are more carriery at someT; emerges into the mobility edge. At>T,; the
=55K in the case ofT;=20K than in the case off, mobile carriers are those in the extended states which have
=50K is that the recombination process B§=50K is  almost temperature-independent mobility. The tempera-
more efficient than af =20 K. Therefore, after the delay ture dependence of the TSC at-T,; is therefore com-
periodty,=30 min, which was the same in both cas&there  pletely controlled by the recombination as was already sug-
were much more electrons at the start of the heatinfyat gested by Zhou and Ellidft and by Gu, Xu, and Dontf’
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pendences of the TSC on the initial temperatlige on the
FIG. 3. The TSC spectra ia Si:H for different heating rateg. heating rateB and even on the state of a sample are inherent
o ) properties of our qualitative model of the TSC, according to
In order to check whether it is indeed the interplay be-which it is the interplay between the carrier mobility increas-
tween the progressive recombination of mobile carriers anghq with temperature and the decreasing concentration of car-
the increase of their mobility witd™ which determines the yigrs in the course of time, which determines the temperature
behavior of the TSC at low temperatures, we have Ca”ie@ependence of the TSC.
out measurements of the TSC at different heating ratds In the next section we present a set of rate equations that
our picture is correct, one would expect that at highehe  jjow one to describe the TSC at low temperatures quantita-
low-temperature maximum in the TSC shifts to higher valuesiyely. This quantitative part is based on the theory of hop-
of T, and also increases in the amplitude, because the highgjng conductivity via the band-tail states developed by Shk-
is B, the less pronounced is the effect of recombination at ggyskii et al2° At T~T,; Our equations converge with those
particular temperature due to the shorter time at which thgy Gy, xu, and Dond suggested previously under the as-

temperature was achieved. Experimental data obtained a&@mption that only carriers in the extended states are mobile.
presented in Fig. 3. They clearly confirm the expected trend.

Results similar to those in Fig. 1 were obtained by Zhou and
Elliott'® and by Misra, Kumar, and Agarwalthough with 1. MODEL AND RATE EQUATIONS
the low-temperature maximum @t~ 110 K, i.e., shifted to FOR THE LOW-TEMPERATURE TSC
higherT as compared to the data in Fig. 1. It is now easy to

unge'ra'\stand tlh's Szm' thdu arl;? Ellll.'of]t anr:i I\il_lsra, Iiumar, hich we present below, is essentially based on the concept
an garwa' used consigerably higher heatng rates anfig v, transport energy. It is known that a particular energy
hence the effect of recomb_lnatlon at each part|Ct_JIar tempergg, g € in the band tail called the transport energy plays a
turiwiﬁ not ?S st:_ongfastlt Wan ick)]r tr_:_es(r:esults In 'Flgthl'd crucial role in hopping transport of carriers via localized

nother interesting teature ot the CUrves 1S the depand-tail states in both equilibrium and nonequilibrium con-
pendence of the maximum posmoﬁ_ﬂ on the_state of a ditons and for both steady-state and transient
sample. We have carried out experiments with the heatmghenomenéo_zs Recently it was shovft why this energy
rate B=2 K min~! with samples in the annealed stdik) '

dthe d dated . h | T level is so universal that hopping of electrons in its vicinity
and the degradated sta@). In Fig. f“ € values ol are  gominates various transport phenomena. It is the transport
shown for states A and B along with the corresponding re

. . ) ‘energy, which maximizes the hopping rate as a final electron
sults obtained by Misra, Kumar, and Agarwahd Zhou and — gnergy' in the hopping transition between two localized
Elliott™ at higher heating rate. Compared to samples in ;..o independently of the initial enerdy.

the state A, all low-temperature maximum positions of the  yost theories of the transport phenomena determined by
TSC in the state B are shifted to lower valuesTof at the  qqhing of electrons via localized band-tail states have been

same initial temperatur&,. In the suggested picture of the developed so far for the exponential DOS in the band tail,
TSC the maximum aT, results from the interplay between

increasing with T-hopping mobility of the carriers and their

decreasing concentration due to recombination. It is well No F( €

known that the recombination in the state B is more effective €

than in the state A and therefore the maximum of the TSC

appears at lower temperatures for the degradated samplesvithere the localization energyis measured negatively from

good agreement with our model. the mobility edge é=0) towards the gap centel is the
We see that all trends observed so far, including the detotal concentration of localized tail states, asdis the tail-

The quantitative theory of the low-temperature TSC,

: 4
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ing parameter. For the exponential tail a narrow-energy band €
of the widthW= (6€,kT)*2 centered at the transport energy N¢= f_wg(e)de. 8
360Né/3a . ] )
€~ —3¢€pIn kT (5) The rate equations governinye;) and the occupation

function of trap state$(e) are

plays the decisive role in the hopping transpg8itlere « is

the localization length in the tail states. It is worth noting, dn_ N fet _ _
however, that the mathematical expressions doand W dt  «(T) * eqdeg(e)[v(f'et)f(e) bin(L=f(e)].
depend on the DOS. Recently it was shéwhat such trans- 9
port energy exists not only for the exponential DOS, but for

any DOS function, which rapidly decreases into the mobility df(e)

gap. As long as we do not want to specify a particular shape T bin[1—f(e)]—v(e,e)f(e), (10

of the DOS in the discussion below, we will assume that the

quantitiese; andW exist in the system under consideration, \yhere 1 (¢, ¢,) is the hopping activation rate from a deep
having in mind that they have to be calculated for each pargiate at energy to the transport energy, and b, is the
ticular shape of the DOS separately. trapping coefficient of electrons at the transport energy into

There is a consent among all researchers studying th§eeper tail statesz(T) is the lifetime of the carriers o,

TSC theoretically that at the start of the heating, therma|yiiy respect to recombination. The value of the effective
equilibrium corresponding to the initial temperatufg is  Fermi level is equal to

established in the system due to the long defaySince the

heating rate is slow compared to the trapping, recombination o(e)

and thermal emission rates, it is reasonable to assume that €(T)=&—KTIn

(11)

the thermal equilibrium is valid at all temperatures during the
heating process, i.e., that electrons can equilibrate to a neWsing Egs.(9) and (10) and the relationT=T,+ At, one

T and their energy distribution can be described by the func

easily obtains

tion
1 8 dn n fst df(e) (e)d 12
— T T N = g €)Ue.
O = T e (= eq(MykT]" © T «T) “J, dT
with an appropriate value of the effective Fermi level Using Egs.(6) and(11) one obtains
€(T).
Then we can express the concentration of mobile carriers as df _ df €€ 1de 1 LU 1ldn
dT de kT2 KkTdT T Wglg) ndT
€— €
n(e)=W g(et)exp( tkT q>- (7 1dw 1 dg(e)
o (13)
W dT g(e) dT

The effective Fermi levek, at low temperatures is deter-
mined by the total concentratidq; of electrons introduced Substituting Eq.(13) into Eq. (12) and replacingdf/de by

by the excitatiof’ — 8(e— ;) We obtain
|
1 W 1d 1dw 1 d n?
AKTqeg)| & e 1 de, 1AW, o(e))
dn o\ T n  kTdT WdT g(e) dT | BT ”
dT n+kTg(ey) ' (14)

Thermally stimulated conductivity in the hopping regime 5, being the attempt-to-escape frequency for hopping be-

is tween localized states/f~10" s~ 1) andr(e,) is the typi-
o2 cal hopping distance for electrons at
OTSCT T n(e)D(e€y), (15
B -1/3
\év:eerrgeytiré% diffusion coefficient of electrons at the transport r(et)={(47-r/3)f t g(e)de] . 17)

ZrLet)}’ 16

1
= — 2 —_
D 3' (e)vo exp{ The temperature derivative ofrgc is
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dU'TSC_e_Z D(e,) dn(ft)+n dD(Et)_n(Et)D(ft) ]
dT kT |- 'Y dT ) TgT T ' 10° 5
(18) ]

The quantitye,(T) can be calculated for a given energy 1°2'5

dependence of the DOS as described in Refs. 24, 25. Po
sessing the DOS and the functief{T), one can easily cal-
culateD(e;) anddD/dT using Eqs.(16) and(17). In order

to find do1sc/dT via Eq. (18), it is, however, necessary to
calculaten(e;) anddn/dT determined by Eq97) and(14)
respectively. This calculation can be carried out, providec ]
the temperature dependence of the recombination tim 1075
7(T) is known. According to Eq(14), this function plays a 1 . , , _
crucial role in the calculation ofin/dT and hence that of 40 60 80 100 120 140 160

n(e;). Therefore, a theoretical treatment of the TSC depend T (K)

on the chosen recombination mechanism. ) , )

The recombination problem for electrons, which move by FIG. 5. Calculated ﬂ_mCt'ongTSC(T) at two d_n‘_fere_nt heating
hopping via localized band-tail states has been solved bgptesﬁ. Values of material parameters are specified in the text.
Shklovskii et al?® in their treatment of the low-temperature . _
steady-state photoconductivity. Shklovskiial. considered  With rising temperature. At some particular temperatiiye
the system of electrons in the localized states to be in thé€ diffusion becomes so fast that it no longer limits the
thermal equilibrium and therefore one can use their recomf€combination process. At>T, recombination of electrons
bination picture for the description of the TSC. At low tem- IS_limited by a recombination event and not by their

. . 20 . .
peratures, recombination is limited by the diffusion of carri-diffusion” The detailed theory of the transition from the
ers through the states in the vicinity of, and the diffusion-limited recombination to the recombination limited

recombination flux i& by a recombination event is described in Ref. 20, where it is
shown that aif >T, the recombination flux is

orge (€/cmsV)
3,
1

Q=47RD(e)n(e)Np, (19 ,

where it is assumed, as usual, that recombination occurs via Q= l n(e)Np, (22
recombination centef® as, e.g., dangling bonds with con- 7o

centrationNp ; R, is the distance at which an electron is
captured by the recombination center with a probability neal
unity. This distance was shown to¥3é’

yvheree, is the value of the transport energy &t T,, and
7o IS the preexponential factor in the recombination rate of
electronst(R) = 7 exp(R«a) via recombination center®
r2(e) being the distance to the recombination cefter.
rec= g (20 In order to check the set of Eq&)—(18), we carry out
below a numerical calculation of the TSC. Our aim is not to

where the right-hand side is the correlation length of thefit the experimental data, but to check whether this set of
infinite cluster of localized sites of the percolation problemequations can describe thgsc (T) dependence of observed
that determines the conductivity at the transport energy.  Shape with a reasonable choice of material parameters. In
Recombination fluxQ determines the number of electrons particular, it is of high interest whether the low-temperature
recombining in the system per érper second. The recom- Maximum atT,, arises due to the interplay between the in-
bination time 7(T) of the mobile electrons at the transport creasing withT hopping mobility «.(T) and the decreasing
energy in Egs.(9), (12, and (14) is determined as With T (in the course of time) total concentration of carri-
7(T)=n(&)/Q, and according to Eq$19) and(20), equals  €rs, as we suggest in the qualitative discussion in Sec. Il, or

to some peculiarities in the DOS are necessary to get such a
maximum. If the latter alternative is the case, the TSC

4 rz(et) -1 method would be a tool to determine such peculiarities of the

()= R D(e)Np; . (2D pos. If the former alternative is the case, as we expect in the

gualitative consideration of Sec. Il, the position and the

The recombination picture described above is based oheight of the maximum is determined just by the experimen-
the assumption that recombination is limited by diffusfn. tal conditions, e.g., by the heating rage
This assumption is valid for low temperatures at which the For this test we choose the simplest exponential shape
transport energy is situated deep in the tail, so that hopping iéf the DOS function of Eq.(4) without any peculiari-
slow due to the low concentration of localized states availties. The parameters of the DOS aeg=0.025 eV and
able, and the diffusion is slower than a recombination eventNo=5x10*° cm 3. The transport energy in this case is
limiting therefore the whole recombination procé$aVith determine@~?°by Eq.(5). The concentration of recombina-
rising temperature the transport energy moves towards thigon centers is choséhequal toNp =10 cm™3. The local-
mobility edge. Hence a higher number of localized stateszation length is assumed to be energy independent and equal
become available for hopping of electrons and the diffusiorto®® @=10 A. The concentration of photoexcited carriers af-
coefficient determined by Ed16) increases exponentially ter the delay timé, i.e., at the start of the heating is taken as
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N,= 10" cm 3. The temperaturd@, at which recombination transport is via hopping of carriers through the localized
Eg. (19) should be replaced by E@22), is assumed to be band-tail states. The picture provides reasonable understand-
110 K and the factorr, is chosen equal to 10 s just to  ing of all experimentally observed trends in the TSC includ-
make theorsc (T) curve continuous aff=T,. Such a ing the puzzling so far pinning of the low-temperature maxi-
choice of 7, would be reasonable for both radiative recom-mum of the TSC at different initial temperatures. According
bination and nonradiative process with simultaneous emisto this picture, the low-temperature TSC is determined by the
sion of many phonons in a recombination event. The resultiterplay between the hopping mobilitg(T) increasing

for the dependencesc (T) are shown in Fig. 5 for two with T and the decreasing concentration of carriers in the
values of the heating raje 0.01 K/s and 0.05 K/s. Itis clear course of time due to their recombination.

that all experimental trends are present in Fig. 5, in particu- A complete set of rate equations is derived for a quanti-
lar, the position of the low-temperature maximdiy and its  tative description of the low-temperature TSC. Our equations
height depend on the heating rate. At the higher heating rateonverge at high temperatures with those of Gu, Xu, and
B the maximum shifts to the higher value &f, and also Dong'® derived under the assumption that transport is via
increases in its amplitude because the effect of recombinagxtended states above the mobility edges.

tion is less pronounced at highgrfor each particular tem-

perature due to the shorter time at which the temperature is
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