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Correlation of electrical and optical properties of the vanadium-relatedC level in silicon
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Gibb’s free energies due to hole transitions betweenGHevel of Si:V and the valence band have been
determined for eleven different temperatures within the range 180 %270 K on the basis of simultan-
eous measurements of corresponding thermal hole capture coefficients and emission rates. Zero-phonon bind-
ing energies have been determined from the low-energy part of photoionization cross-section spectra at five
different temperatures within the range 75<K=<170 K. The temperature dependence of these binding ener-
gies can be described by a Varshni-type analytical formula with a zero-temperature level podijonto861
eV (=0.003 eV. The associated ratio of the temperature-induced change of this level position with respect to
the one of the band-gap energy is about 0.80.10. The inherent correlation between electrical and optical
level position parameters was used to calculate the temperature dependence of the zero-phonon binding energy,
Jp(T), the Gibb’s free energyG,(T), and the enthalpy ,(T), from O K to room temperature. Using two
photoionization cross-section spectra, the associated Franck-Condon shift was estimated to be about 0.04 eV.
[S0163-182696)00544-9

[. INTRODUCTION paper has therefore been to present photoionization cross-
section spectra for five different temperatures within the
A reasonable understanding of electrical and optical proprange 75 K<T<170 K and, using these data, to determine
erties of transition metals in silicon is of considerable interesthe correspondind dependence of the zero-phonon binding
in view of their wide use in semiconductor electronics. Inenergy,J,(T). It is shown in Sec. Il B that this temperature
spite of this interest, it is fair to say that current knowledgedependence can be described by a Varshni-type analytical
about electronic properties of several transition metals is stilformula®® By connecting optical level positions with Gibb’s
rather limited. This applies, in particular, to vanadium- free energies derived directly.e., without any intermediate
related centers in silicon. exponential regression procedufrBsfrom ratios of thermal
During recent years, vanadium-doped silicon has been thieole emission rates and capture coefficients, we were further
subject of a series of experimental as well as theoretical studkble to determine all parameters necessary for a numerical
ies(see, in particular, Ohtet al,* Tilly et al? and references analysis of the temperature dependence of the zero-phonon
therein. Though differences in published data are observedbinding energy J,(T), Gibb’s free energyG,(T), and the
particularly with regard to level positions, it is generally associated enthalpy,(T), over an unusually large tem-
agreed? that vanadium in silicon gives rise to an acceptorperature rang(aO<T<300 K). Furthermore, the extension of
level (A level) and a donor leve(B level) in the upper half our photoionization cross-section measurements to rather
of the band gap as well as a donor levél level) in the low photon energies made it possible to present a reliable
lower half of the band gap.A detailed study of electrical estimation of the lattice adjustment enet§y(=Franck-
properties in combination with low-temperature measureCondon shift) for the vanadium-relate@ level in silicon.
ments of the associated photoionization cross seétiprss  This energy is shown to be a factor of about 3 smaller than
vided level positions of aboUE,—0.21 eV for theA level, the one suggested by Ohta and Sakatm the basis of a
E.—0.48 eV for theB level, andE,+0.36 eV for theC numerical analysis of their thermal capture and emission
level. The consistency of the latter value has recently beedata.
confirmed by a detailed theoretical study of the measured Investigations of the kind presented in this paper are con-
photoionization cross-section spectrum of holesthv, 77  sidered as an important complement to high-resolution opti-
K), (Fig. 11 in Ref. 2 which resulted in a zero-phonon bind- cal spectroscopy studies such as Fourier-transform infrared
ing energy ofJ,(77 K)=0.356 eV within an uncertainty of spectroscopy which, in general, do not provide comprehen-
about+0.005 eV. sive and consistent sets of important thermodynamical enti-
Optical o, (hv, T) data of theC level which would allow ties such as Gibb’s free energies, enthalpies, and entropies.
the determination of the temperature dependence of the zertn addition, the analytical procedures suggested in this paper
phonon binding energyl,(T), are to the best of our knowl- offer the possibility to measure zero-phonon binding ener-
edge not available from literature. One important goal of thisgies and Franck-Condon shifts for defects with an accuracy
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of a few meV without preparing samples exhibiting sharp TABLE I. Measured hole emission rates,(T), and hole cap-
line spectra together with phonon replicas. We have chosettre coefficientsc,(T), of theC level in Si:v. The fourth and fifth
the C level in Si:V as an example to demonstrate the powegolumns show the relevant ratey(T)/(c,(T)N,(T)) [=argument

of these analysis procedures. of the logarithmic function in Eq(2)] and the resulting Gibb’s
free-energy valuesz,(T), respectively.
Il. EXPERIMENTAL DETAILS T(K) e (sh cpemsh el(cN,) Gp(eV)
+The:.samp!es used in this study were vanadium-dopedz 7 605.3 2048101 33910 0294
np S|I|Egn diodes with a free hole concentration of aboutpg; g 302.7 1792101 201x10°¢  0.297
10_l cm >, Th_e d|ode_s were prepgred without metallization 55, 5 1211 1546101  9.94x10°7 0.301
using a localized oglgatlon of_ s!llcoln tec_hnollcolgiy. Tgéb 245.0 6053 120410 6.21x10~7 0.302
region was prepared by arsenic implantation followed by an, 35 g 2421 106210 321x107  0.304
annealing at 1100 °C fort2 Vanadium(®*V) ions with an 229 6 1211 94201012  1.88¢10°7 0.306
energy of 300 keV and a dose of #@m~2 were implanted ' ' ' ' '
222.6 6.053 846810 2 110107  0.307

gnto th_e front side of the 'Wafer. The .|mplanted ions were, ' 2421 2328102 532x10°8 0.311
riven into the p-type region by heating the samples to 12 8
1100 °C for 30 min. The vanadium centers were eIectricaIIy205'5 0.6615 5'78210712 1'98X1079 0314
activated by rapid thermal annealing at 1250 °C for 30 s in a9%8. 0.2365 4'%810712 8.72x 1079 0.317
nitrogen ambient resulting in a concentration oflem=3 1894 0.0645  3.98810 3.16x10 0.319
vanadium-related centers.
The thermal emission rates were obtained by deep level
transient spectroscop§DLTS) (Ref. 11 at high tempera- ep(T) -N (T)exr( _ Gp(T)> 1)
tures and from exponential regressions of single-shot capaci- cp(T) v kgT |-
tance transients at low temperatures. Since the time constants )
of corresponding hole capture transients were, depending di€"®, Gp(T) represents the Gibb's free energy due to hole
the temperature, in the range 50 to 5@9they could not be tran5|t|?92n_s from a given defect arld,(T)=N,(300 K)(T/
registered directly by a regular capacitance méBgonton 3OQ K)_ is the effectlv_e_den§|ty of sta_tes in the valence band
72B). The standard procedure in this case is to determin&hich in the %asegf silicon is numerically given by, (300
indirect hole capture capacitance transients by measurinéf,):,l-o2><101 cm = ) ,
depending on the temperature, peak amplitudes in DLTS Gibb’s free energyG,(T), in Eq. (1) can be expressed in
(Ref. 11 and amplitudes at=0 of emission transients in (€rms of the measured quantitieg(T) andcy(T) as
single-shot capacitance spectroscSpipr filling pulses of
consecutive increasing length. This combination of various Gy(T)=—kgT In( ep(T) ) ©
techniques enabled us to measure the emission and capture P B Cp(TIN(T) )

rates over a fairly large temperature region. _ . .
Capture transients are often nonexponential due to the irlt IS €vident from Eq(2) that the quantitieg,(T) andc,(T)

fluence of free-carrier tails in the space-charge region. wéhould be measured at the same temperature in order to ex-
have fitted our hole capture transients to a theoretical expre§lude additional inaccuracies induced by experimental re-
sion taking into account such effe¢fsHowever, by using a 9r€ssions usually perfo_rmed on such sets of aatMeg-
large reverse biaén our case 8 Y after the filling pulse, the Sured values of the ratiey(T)/(c,(T)N,(T)) are given in

influence of nonexponential effects on capture transients wa§€ fourth column of Table | and plotted in Fig. 3. Resulting
found to be small. Gibb’s free energies are presented in the last column of

The optical data were collected by photocapacitancd aPle I(cf. Fig. 6.
spectroscopy? The experiments were performed using a
0.5-m grating monochromator from Acton Research with an B. Photoionization cross sections
energy resolution of about 1 meV. The setup was fully com-
puterized. To avoid disturbances from strong absorption,
lines due to, e.g., water, the complete experimental setu
including the globar house, monochromator, and optical col
limating system was evacuated.

Photoionization cross-section specteg,(hv,T), due to
e excitation from theC level into the valence band have
Been measured at five different temperatures. Experimental
results for photon energidsr<0.5 eV are presented in Fig.
4. The spectra show a pronounced thermal broade(aicii
vation) in the low-energy tail region which is believed to be
[ll. EXPERIMENTAL RESULTS AND ANALYTICAL due to optical-absorption processes assisted by multiphonon
TREATMENTS (MP) emission and absorption. A detailed theoretical analy-
sis and interpretation of such spectra is rather complicated in
the case of hole excitation from deep levels in silicon due to
Hole emission ratese,(T), and associated capture coef- the valence-band degeneracy and particularly in view of the
ficients, c,(T), were measured at eleven different tempera-onset of the split-off band at a distance of only 40 meV from
tures between 190 and 270(Kee Table | and Figs. 1 ang.2 the valence-band edge. On the other hand, it has been dem-
According to semiconductor statistits;*® hole emission onstrated previoush*®~2'that it is nevertheless possible to
rates, e,(T), are connected with hole capture coefficients,deduce basic information from thermally broadened photo-
cp(T), by a relationship of the form ionization cross-section spectfike those presented in Fig.

A. Emission rates and capture coefficients
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FIG. 1. Graphical representation of the temperature dependence FIG. 3. Graphical representation of the temperature dependence
of the experimental hole emission rateg(T) (second column of  of the ratioe,(T)/(c,(T)N,(T)) (fourth column of Table)lfor the
Table ) for theC level in Si:V. The continuous curve represents the C level in Si:V. The continuous curve represents the results of a
results of a detailed numerical fitting of the experimee{IT) and numerical fitting of this ratio on the basis of EdS) and(10) with
Cp(T) data(Table ) on the basis of the theory of NMP transitions appropriately chosen parameters, g9,/d,, andJ,(0) (cf. subsec-
(Ref. 35 with appropriately chosen parameters for the lattice ad-tion [l A). An approximate fitting of this curve by
justment energyA and the phonon energyw (in analogy to Ref. ey (T)/(cp(T)N,(T))xexp(—H/kgT) (of Arrhenius typg gives an
10). An approximate fitting of this curve by a dependeliRef. 2 average activation energy &f,=378 meV corresponding to the
of type e,(T)«T?exp(—E /K T) (17) gives a conventiongleffec-  differenceE ,—E} (see captions of Figs. 1 and.Zhis effective
tive) activation energy OELE458 meV for this hole emission pro- enthalpy value(visualized by a cross in Fig.)@s equal to the
cess. calculated enthalpy value &f,(240 K)=378 meV using Eq(16).

4) without using the total analytical theory of MP-activated Proadenedr(h»,T) curves are described by a photon energy
photoionization cross sectiorisee, e.g., Refs. 22-29 and dependence exhf/2kgT) in the vicinity of the zero-phonon
Sec. I\). This is particularly true for estimations of zero- Pinding energy. E‘ﬂy_"z’flen“ya we can state that a transformed
phonon binding energies,(T).>'#1 curve of the forr

The essence of this procedure of estimating zero-phonon

binding energies is based on the observation that thermally p(hv,T)EeX% B 2kVT)U(hV’T) 3
B

1070 tends to have a maximum at a positibn/{?)(T) which

: should only be a fevkgT higher*® than the corresponding
L : zero-phonon binding energy(T). A detailed study of the
i actual peak position gs,(hv,T) curves in the case of repul-
sive centerShas shown that the energy distanceha:@’)(T)

{; with respect tal,(T) is approximately given by

"e 10"

| APT) =holP(T) = 3Ty = | Ym2RT2aT) + — | 2KeT
(5 p()_yp() p(): (Wp B)lz B'-

4

This relation is valid within the usual regime of a nonvan-
B N T S T ishing component of allowed transitions which dominates at
3.5 4.0 4.5 5.0 5.5 least in the immediate vicinity of the electronic absorption
1000/T (K™Y edge. HereR;1 (=15 meV for a donor level in &1 charge
state in silicon represents the Rydberg energy characterizing

FIG. 2. Graphical representation of the temperature dependenébge strength 9f a repulsflve.barrler Wh'Ch has to be tunneled
of the experimental hole capture coefficierts(T) (third column P @ hole during excitation into the light-hole band. A closer
of Table ) for the C level in Si:V. The continuous curve represents INSpection of the transformegl,(h»,T) curves in Fig. 5 re-

(in analogy to Fig. 1the results of a detailed numerical fitting of Sults in approximate vertex positiofithin uncertainties of
e,(T) andc,(T) data on the basis of the theory of NMP transitions @ few meV} at thehvﬁf)(T) values listed in the second col-
(Ref 35. An approximate fitting of this curve by a dependence umn of Table Il. By subtracting the theoretical shift values,
(Ref. 2 of type c,(T)x T exp(—E 5/kgT) (18) gives a conven- Ag”)(T), [EqQ. (4), listed in the third column of Table Jfrom
tional (effective) activation energy OE%,ESO meV for this hole the hvg”)(T) values one obtains the approximate zero-
capture process. phonon binding energies,,(T), listed in the fourth column
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TABLE II. Vertex position valueshy {)(T), rest distance val- 9n
ues, Agf’)(T), and the resulting zero-phonon binding energies, SSEkBIn(—) )
Jp(T) (the remaining uncertainties of the latter are confined to 9p
about+0.003 eV. represents the electronic entropy part. Hence, the difference
) " betweenG(T) and J,(T) should be proportional td. At
T (K) hvy” (eV) Ag”7 (eV) Jp (€V) the same time, it is obvious from Fig. 6 that tiedepen-
1705 0.410 0.063 0.347 dence ofJ,(T) is nonlinear(nearly quadratig; at least within
137.6 0.406 0.054 0.352 the studied temperature interval between 75 and 170 K. Such

a nonlinear behavior is not surprising in view of the fact that

119.0 0.403 0.048 0.355 o
950 0.397 0.041 0.356 by definitiort®>3>36 the sum of the complementary zero-
75'0 0'392 0'035 0'357 phonon binding energies, (T) andJ,(T), must be equal to

the width of the energy-band gaB,,(T),

. . . In(T)+Ip(T)=Ec,(T). )
of Table Il. These values are indicated by vertical bars in
Fig. 5 and filled circles in Fig. 6. TheT dependence d&.,(T) can be approximated by Varsh-

ni's formula*®

C. Correlation of thermal and optical results T2

Theoretical analyses of MP-assisted photoionization Ec(T)=Ec,(0)—ag, T+5° €)

cross-section spectra as well as of nonradiative multiphonon L, 1

(NMP) capture and emission rates are usually based on théhere a¢,=4.730<10 evVK™,, pB=636 K, and

assumption’18:2123.2429-3¢a¢ the phonon energies of the Ec,(0)=1.170 eV for St At least one of the two comple-
relevant vibrational modes remain unchanged during thénentary functionsJ,(T) or J,(T) should exhibit a pro-
change of the charge stafearrier excitation Given this nounced nonlineaguadrati¢ T dependence &t<p. For an

assumption, Eq(1) can be rewritten g% approximate analytical description of this dependence, a
Varshni-type ansatz is again uséd analogy with Refs. 3,
18, 19,
es(T) _ o 3(T) 9
M) = g_ N,(T)exg — kaT (5) T2
P P
Jp(T)=Jp(0) — TH 5 (10

whereg, andg, are the statistical weightglegeneracy fac-

tors) of the trap level in the charge state “full(trapped Here, the relative shrinkage ratig,/«, can be expected to
electron and “empty” (trapped holg respectively. Hence, be in the range between 0 and 1. Within this analytical ap-
by comparing Eqgs(2) and (5) it is evident that the Gibb’s proximation [Eq. (10)], the associated Gibb's free energy
free energyG,(T), is connected with the associated zero-[Eq. (6)] is explicitly given by an expression of the form

phonon binding energyl,(T), by the relation )

T
G,(M=J,(0)—a, =———S:T. 11
Gp(T)=J(T)— ST, (6) S S -
6_18 Inspecting the analytical expressions of zero-phonon binding

wheré energiesJ,(T), and Gibb's free energie§,(T), it is real-
ized that one is concerned with a total set of only three
(center-specificparameters, which may easily be determined
by simultaneously fitting the sets of calculatég(T) values
(listed in Table ) and estimated,(T) values(listed in Table
II). The resulting parameters afg an absolute shrinkage
coefficient value ofa,=3.67x10"* eV K™ corresponding
to a relative shrinkage ratie,/a., of about 0.78(+0.10
between the energy-level position and the energy-band gap,
(i) an electronic entropy part 065=1.37x10"* eVK™*
(=1.6kg) corresponding to a degeneracy ratioggfg,=4.9,
and (iii) a zero-temperature level positidg(0)=0.361 eV
(+0.003 eV.

The numerical fitting of the three basic parametags
SS, andJ,(0) enables one to determine thedependence of
the associated enthalpiyl,(T), and the total entropy§,(T).
The latter is generally defined as

10718

10-17 ;

~ 1078

2
o, (cm

10-19 i

1 0—20 :_

1072 [

sm=-"2 _qr) i, (12

FIG. 4. Experimental photoionization cross-section spectra, oT

ap(hv), due to hole excitation from th€ level in Si:V at five
different temperatures. wheré?
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have been chosen to be exactly the same for both series of

10_195_ measurements. This unconventional procedure enabled us to
i determine values of Gibb’s free energg,(T), which are
10720} not affected by any numerical or graphical manipulation. The
g values obtained in this way are somewhat different from
) al those presented in Ref. @dicated in Fig. 6 by a dotted
§ 10 3 line). Comparing the previous data with present resuiép-
g i resented by open circles in Fig),6t is realized that the
S 1020 presentG,(T) values within the temperature range 190
& g K<T=<270 K are about 10—-20 meV smaller than the ones
sl given in Ref. 2 and that th&,(T) values presented in this
10 F paper decrease more strongly with increasing temperature
i than the previous ones. Furthermore, a total entropy of
10-263 Sp(240 K)=3.6kg (cf. Fig. 7) has been obtained near 240 K,

which is about a factor of 2 higher than the value ofkg.7
reported in Ref. 2. The associated enthalpy vadye240 K)
[represented in analogy to Ref. 5 by the intersection point of
_ the 240 K tangents to th&,(T) andJ,(T) curves with the
FIG. 5. Transformeg,(hv,T) curves due to a transformation energy axis in Fig. Bis about 378 meV. This value is 19

according to Eq(3). The reference poirtiv, (Refs. 3, 18 control- - .
ling their mutual distances in vertical direction has been chosen t(gneV higher than the approximate enthalpy value of 359 meV

be 0.28 eV. The arrows indicate the characteristic energy distanceg,btalned in Sec. Il of Ref. 2 by using conventional fitting

AP(T) [Eq. (4] (third column in Table I} between vertex posi- procedures. . .
tions,hygp)(T)’ and the corresponding zero-phonon binding ener- The origin of this difference between present and earlier

gies,J(T) (fourth column in Table ). enthalpy values is almost exclusively due to different experi-
P mentale,(T) andc,(T) data and not due to the unconven-
. a3, T(T+28) tional and more elaborate character of the present analysis

o= =a, ~ (13)  procedure(Sec. ll). Fitting our thermal emission rates,
al (T+8) ep(T) (cf. Table ) to an Arrhenius-type expression,

according to Egs(6) and(10) and in analogy to Ref. 5 rep-

resents the “atomic” pat{''8 of the entropy change due to (M) B E)

the shrinkage o8,(T). TheT dependence of the correspond- T2 kB_T '

ing total entropy,S,(T) [Eq. (12)] together with its two _ _ _ _

qualitatively different componemsg(T) [Eq. (13)] and sg one obtains by using the same exponential regression proce-

17

[Eq. (7)] are shown in Fig. 7. dure as in Ref 2 a conventional activation energy of
The associated entha|py is genera”y deﬁne]a'gs E£E458 meV for the hole emission. This value is 11 meV
higher than the 447 meV calculated from Fig. 9 in Ref. 2.

Hp(T)=Gp(T)+S(T)T, (14 Since the present and previous measurements were per-

formed with different reverse bias, this difference may be
explained by a small Poole-Frenkel sHiftFurthermore, a
fitting of the normally employed hole capture/cross section
1/2 ;
H (T =J(T)+<XT)T. 1 ap(T)=cy(T)/vp(T) (Ref. 2 [wherev(T)=T"< is some
p(T)=3p(T)+S(T) (19 average thermal hole velocityo a conventional Arrhenius-
The latter reduces according to Eq40) and (13) to the  type expression

analytical form
(T) E;
T \2 Toccp o 4—_"), 18
m) ’ (1o T T T "

again in analogy with Ref. 5. The correspondihig(T) results in a Conventiona_ll activati_on energyl:'oﬁs80 meV
curve is presented in Fig. 6. It is readily seen tHg(T) near for the hole capture. ThIS va_lue is 8 meV I0\_/ver than the 88
the middle part of the temperature region, in which the ex/MeV calculated from Fig. 10 in Ref. 2. This discrepancy may
periments were performed, amountsg(240 K)=0.378 eV partly be explained by the mcreasgd accuracy in the present
(indicated by a cross in Fig)6This value corresponds to the Measurements as well as the refined analysis procedure. It

curve in Fig. 3. kind of measurements is generally considered to be 10-20

meV. The differenceE ,—E gives an effective enthalpy
value ofH ;=378 meV which, according to Fig. 6, coincides
with the enthalpy valueii ,(T), calculated forT =240 K on
One of the goals of this study was to collect very carefullythe basis of our more elaborate numerical analysis in Sec. lll.
thermal emission rates and capture coefficients for Ghe One of the most important features of the present work
level of vanadium-related centers in silicon in the temperacompared with previous studies is the measurement of
ture range 190 KT<270 K (cf. Table ). The temperatures photoionization cross sections,(hv,T), which includes a

which can, according to Eq§6) and(12), also be written in
the forn?®

Ho(T)=J3,(0) + a8

IV. DISCUSSION
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relatively large number of measurement points in the tailexperimental studies, it might therefore be of interest to
regions at different temperatures. The detaidgéhr) mea-  check whether or not this alternative can be ruled out on the
surements have been performed at five different temperaturdssis of the present results.

(between 75 and 170 )Kwhich enabled us to calculdte It is realized that the determination d&,(T) from
corresponding series of zero-phonon binding energigg;) ~ thermal measuremen(Sable ) is by definition completely
(listed in Table 1). These values confirmed on the one handindependent of the actual charge state. The associg{dq

a previous estimatichof about 356 meV foer(?? K). values determined from measured vertex positimng’)(T)
Moreover, the actual dependence of the zero-phonon bind- of given p,(h»,T) curves(Fig. 3) are, however, dependent
ing energy,J,(T), is now fairly well established within the ©ON the as_sumption of the underlying charge state. For neutral
temperature range 75—-170 K. A plot of these val(iig. 6)  Centers, it has been sholfirthat the characterlstlc energy
clearly indicates a quadratic temperature dependence. This féfference A EJ'?)(T)’ betweerh ’(T) andJ,(T) in the case

in agreement with what one would expdcf. Ref. 18 and of a nonvanlshlng(glllowed component reduces to about
subsection Il § sinceT dependencies of zero-phonon bind- 2kgT. Using thesel ; (.T) values for neutral centers, appar-
ing energies should be described approximately by analyticaqnt‘]P(T) values ranging between 0'37.9. eV and 0.381 ".-‘V
expressions of Varshni's tydé. By analyzing the tempera- would have been obtained. By combining these tentative

. X . J,(T) values with givenG,(T) values(Table ) and per-
ture dependence df,(T), a relative shrinkage ratieyy/ a, L ) . p ; L .
of about 0.8 is obtained, i.e., a large part of the total shrinkformlng again a simultaneous numerical fittf@ the basis

age of the energy-band ge,,(T)[ = Jn(T) + J(T)]. is ab- of Egs.(10) and(11), respectively, the C level is found to

o ot Py be almost pinned to the valence bafig—0) at an energy
sorbed byJ,(T). This is a significant result in view of the 4gjtion of aboutE, +0.38 eV. This implies that the atomic

relatively small value o8,(T) which is only aboug,/3. In iprational partS3(T) almost vanishe$Eq. (13)] and the
this context, it should be mentioned that shallow donors us@ntropy value 0f5,(240 K)=3.6k; is exclusively due to the
to be pinned to the conduction-band edge. Hence, the olglectronic partSe (i.e., SS—3.6kg). This corresponds, ac-
served trend seems even to be valid for deeper donor levelgerding to Eq.(7), to a degeneracy factor ratio 0f/9,~36.

A further qualitatively new result of the present paper is|n view of this obviously unreasonably large ratio, and also
the explicit analytical connectioffin subsection 111 ¢ of  from more detailed analysésee below, the tentative model
thermal measuremenf&,(T) values from Table]land op-  of a first donor level can most probably be excluded.
tical measurements),(T) values from Table Il This pro- The lattice adjustment energy [=Franck-Condon shift
cedure made it possible to perform reliable extensions o&dr - (Ref. 9] can approximately be determined by using
experimental data int® regions not covered by correspond- a graphical method which has been suggested in Ref. 8. This
ing experiments, i.e., to extend tdg(T) curve from low to method is analogous to the one for estimations of zero-
intermediate temperatures and, conversely, to extend thehonon binding energiescf. subsection Il B3890t is
G,(T) curve from intermediate to low temperatures. The lat-based on the observatibthat a characteristio value,J(T)
ter illustrates the expected lineaf dependend@ of  —A, exists at which thermally broadenedhv,T) curves
Gp(T)—Gp(O)—>—S§-T in the T—0 limit. This technique &N be descnb(_ad b_y _the _photon energy dependence
allowed us to determine the temperature dependence of tHXPh?/ksT). Again, this is equivalent to the statement that
zero-phonon binding energy,(T), the Gibb’s free energy, a transformed curve of tyfe

G,(T), and the enthalpy,(T) (cf. Fig. 6 as well as the hy

associated entrop$,(T) (Fig. 7) for a deep center over a mp(hv, T)=exp — -—=|op(hv,T) (29
. P : . kgT

relatively large temperature intervéle., betwea 0 K and

room temperatude tends to have a peak at a positibn{™(T), which is rela-

The improved accuracy of present versus previalata tively close to the characteristic poidg(T)—A.8 An ana-
enabled us to perform a simultaneous fitting of presentytical estimation of the energy differenck(™(T) in the
G,(T) data(Table | and empty circles in Fig.)@ndJ,(T) case of repulsiqn can readily be perfor_mgd analogous to the
data (Table Il and filled circles in Fig. 6 which made it ©one forA {)(T) in Ref. 3. For a nonvanishing component of
possible to determine a unique set of parameigrsS¢, and allowed transitions, this leads to the analytical expression
Jp(0) on the basis of Eqg10) and (11), respectively. The 5
very good agreement between both of these series of eXperi'AE)ﬂ')EhVE)ﬂ')—[Jp(T)—A]E 3\/(772R; YkeT)+ —> kgT.
mental level position data and the resulting¢it full curves 12
in Fig. 6 may be taken as a strong indication for a high (20)
degree of adequacy and internal consistency of these data. |t should be noted that the only difference between the

The determination of zero-phonon binding energiesanalytical expressions of Eqgt) and(20) is the substitution
Jp(T), from T-dependent slopes of photoionization cross-of 2k, T by kgT. Figure 8 presents the,(h»,T) transfor-
section spectra was, similarly to the one in Ref. 3, based omations of thea,(hv,T) curves of Fig. 4. Unfortunately,
the assumption that the vanadium-rela@devel should be three of these curves do not extend to sufficiently low photon
repulsive and singly charged for hole transitions between thenergies and are not accurate enough to clearly exhibit the
C level and the valence band, i.e., it should have the chara@xpected peak behavior. However, at least tiag(hv)
ter of a second donor levé}.Since the possible alternative curves forT=137.6 and 119.0 K exhibit vertex positions at
of a neutral centekcorresponding to the model of a first about 0.347 and 0.348 eV, respectively, with an accuracy of
donor levei®) has not definitively been excluded by earlier about=0.01 eV. Furthermore, from E¢R0) follows that the
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FIG. 6. Analytical approximations of th& dependence of the FIG. 7. Temperature dependence of the total entropy change,

zero-phonon binding energy,(T) [Eq. (10)] Gibb's free energy,  Sy(T) [Eq. (12)] corresponding to the sum of an “atomic” compo-
G,(T) [Eq. (11)], and the associated enthalgy,(T) [Eq. (16)]. nent, S5(T) [Eq. (13)], and a temperature-independent electronic
The temperature dependencies have been obtained by simultanemmnponentsg [Eg. (7)], in units of the Boltzmann constakg .
numerical fittings of gived(T) values(fourth column of Table N
andG(T) values(fifth column of Table ] on the basis of Eqg10)

ciated neutral part&represented in analogy to Refs. 41 and
and(11).

42 by a Taylor series with adjustable expansion coefficjents

i ) .we have performed a series of alternative fittings of the ex-
energy shifts alre'0.032_§1nd 0.029 eV, respectively. In th'?)erimental datdFig. 4) on the basis of Eq21). The lattice
way, characteristic positions af,(137.6)-A=0.315 eV, i stment energyd, was found to amount to about 0.042
andJ,(119.0 K—A=0.319 eV are found. Comparing these . 0g5 ev. This is in fair agreement with the value esti-
values with the correspondindy(T) positions (listed in ateq ahove on the basis of the simple graphical procBdure
Table I), we obtain adjustment energies, of only about ¢ Figs. 5 and & The associated effective phonon energy
0.036 or 0.037 eMwith a maximum uncertainty 0£0.010 |1 calculated to b&w=0.017 eV (+0.001 eV}, which is

ev). . . oo _ consistent with results obtained by Ohta and Sakata from
_This rough graphical estimation can be confirmed by dey, ;merical analyses of electrical dafaMoreover, our de-
tailed numerical fittings on the basis of a convolution whichziled numerical analyses resulted in zero-phonon binding

; ; ,18,21
is given by energies)),(T), which were about 0.001 to 0.002 eV smaller
than the ones obtained on the basis of the simpler graphical
ophy, T)= f d(h7),(h»)R(hy—h7,T).  (21) method (see Table _ _
Combining a Franck-Condon shift of about 0.042 eV with
Here, the factoEp(h7) is the electronic cross section due to &" eﬁ_ectwe hole binding energy, (240 K) of about .0'336.
the absorption of photons of energ'y7>Jp(T) by the elec- ev (F!g. 6, We are now able to con;truc; a conﬁgurgtlon
tronic subsystenfin this case holes excited into the valencegf’ordInate ﬁ'agfam for th.@ vael Orf] S"Vh[F'g'l Q(a)].a'l!'hrl]s
band. The second factor in the convolution integral is the 2/agram SNows, |nbpa_rt|cu ar, tbat t:2f4iss|lqd fng-
thermally averaged Franck-Condon factdf,which quanti- gezmgzra;ur)aczptur:_eh::(ljrrler, given hwg_ff ) ( fehs. ’
fies the probability that the remaining energy differetae PN 9an which determines the efliciency of the non-
—h7 is compensated by the emissigny—hv=0) or ab- radiative multiphonon (NMP) carrier capture
sorption (hv—h7<0) of phonons of the vibrational mechanisni®—363%s of the order of 0.52 eV in the present
subsystem due to corresponding MP transitibhs.view of case of h(_)le capture into e level (.)f SiV. Th's clas_smal
the fact that the valence band in silicon consists of a Iight-barrler he'g.ht estimated on the basis (.)f optical data is, how-
hole, a heavy-hole, and a split-off band the electronic partevetr’ 6._7 times larger thanlthe effective N.MP hole capture
op(hv) in Eq.(21) can, in general, be considered to be given""Ct'V"’Itlon energyof aboutE ,=0.08 eV derived from the
by a linear combinatioriin analogy to Si:S(Ref. 41 and corresponding hole capture cross sections in Fig. 2. Such
Si:Se (Ref. 42] of contributions, (h7), i=1, 2, and 3 simple considerations already show that there are obviously
. . pi H ) H 1 re . H . H
representing hole excitations into the corresponding supdreat d_|ff|CL_1It|es In_presenting a consistent quantum-
bands. Due to the repulsive-1) charge of the center after mechanical interpretation of the optical and electrical prop-

hole excitation, the analytical form of these three compo—emles of thSC Ievel..th th _— iderati detailed
nents'&;il(h'ﬁ) is governed by band-specific Sommerfeld h accordance wi €se simpie considerations, a detalle

i . 1~ theoretical analysis on the basis of a representative theory for
factorss, “(hv—Jp), i=1, 2, ands, “(hv—J,— A9 (Refs.  NMP carrier capture and emission processes at deep traps in
3, 41-43 in the vicinity of the corresponding electronic ab- semiconductorgsee e.g., Refs. 30—38hows that a lattice
sorption edges), and J,+A,,, respectively.A;,=0.04 eV adjustment energy of only 0.04-0.05 eV is much too small
represents the corresponding spin-orbit splitting in siliconto explain the experimentally observed valuesgfT) (Fig.
Using combinations of these Sommerfeld factors with asso2). Hence, in the case of tHe level of Si:V we are actually
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) FIG. 9. Different configuration coordinate diagrams of tbe
FIG. 8. Transformedr,(h»,T) curves due to a transformation gy in Si:V obtained from different numerical analysis procedures.
according to Eq(19). The reference pointyv,, controlling their (a) Diagram based on a Franck-Condon shifasf0.042 eV, which
mutual distances in a vertical direction, has been chosen to be 0.30s been determined from a detailed numerical analysis of our op-
e\(/.) The arrows indicate the charagtgristic ( e)nergy distancesg;qg) data(Fig. 4) using Eq.(21). (b) Diagram based on a Franck-
Ap™(T) [Eq. (20, between vertex position&ivy™(T), and the  condon shift value 0A=0.12 eV(see Ref. 10 and Sec. J\which
corresponding characteristic positiodg(T) —A. is required in numerical fittings of the experimentally observed ac-
tivation behavior of electrical data, i.e., hole emission rafeg. 1

. T . of this paper or Fig. 6 in Ref. 2@nd hole capture coefficientsig.
concerned with a basic discrepancy between different the of this paper in combination with Fig. 10 of Ref.)1@n the basis

retical ||_"|terpretat|ons of experimentally ob_served_ el_ectrlca{)f the conventional theory of NMP transitioriRef. 35 (i.e., for
and optical properties of a deep trap that is qualitatively o

h h d in th famili unchanged phonon energy spegtri@) Diagram obtained from a
the same type as the onaotigcountere In the more Tamiligf merical fit of the same set of electrical data ashin but within
case of the GaP:O cent&**

R . . . . . a more general analytical framewd(iRefs. 40, 44, 45of the theory
A qualitatively different configuration coordinate diagram o Nmp transitions(envisaging a significant oscillator frequency

of the Si:V center in question has been proposed by Ohta angy). For a fixed “empty” state adjustment energy Af=0.042
Sakatg see Fig. &) which corresponds basically to Fig. 11 ey in accordance witla) and Fig. 8, an associated “full” state
of Ref. 10. Applying a detailed numerical analysis to their adjustment energp,=0.019 eV is required in order to produce an
ep(T) andc,(T) data® (which are roughly comparable with equally good alternative fit of the electrical data in consideration.
the ones listed in Tablg bn the basis of NMP transitions for
vanishing phonon energy shift$ these authors obtained a hole photoionization cross-section data. The value which
lattice adjustment energy, of about 0.12 eV and an effec- they obtained seemed to be in accordance with the relatively,
tive phonon enerdyof 0.017 eV. In order to check the con- large value 0fA~0.12-0.13 eV estimated from their electri-
sistency of their parametéfawith our electrical datdTable  cal data[cf. Fig. Ab) with Fig. 9 in Ref. 1. A closer look on
1), we combined ouc,(T) curve(Fig. 2 with its somewhat these earlier optical datdig. 7 in Ref. 2 shows, however,
more extended counterpart of Ohta and SaKkig. 10 of  that they are all confined to a range of relatively high photon
Ref. 10 and performed a different fit of these data on theenergies, i.ehv>0.43 eV, where MP broadening effects are
basis of a similar analytical framewofR.This fitting re-  much weaker than in the range 0.32—0.40 eV studied in this
sulted in nearly the same parameter set for NMP transitionpaper(cf. Figs. 4, 5, and B Moreover, our detailed numeri-
as in Ref. 10, namely, a lattice adjustment energy of 0.12-al analyses of the optical data presented in Fig. 4 showed
0.13 eV|[see Fig. )] and an effective phonon energy of that the electronic par?t?p(h'ﬂ) of the hole excitation cross
0.016-0.018 eV. The corresponding classical barrier heighgection,o,(h»,T), has a rather complicated energy depen-
for NMP capture has actually been confirmed to be in thedence which cannot be represented by a single-band model
range 0.09 to 0.10 eV which is close to the effective activalike the one proposed in Ref. 1, which was simply given by
tion energy obtained from Fig. 2. Thus, in the case of@Ghe the product of a unique Sommerfeld fact@oulomb factoy
level of Si:V we are indeed concerned with an unusuallyand a neutral part of conventional fofficorresponding ex-
pronounced discrepancy between the relatively large value aflusively to forbidden transitions; see E¢8)—(9) in Ref. 1.
0.12-0.13 eV for the lattice adjustment energy derived from In order to study the electronic part in more detail, we
numerical fittings of electrical data and the considerablyhave considered larger regions of experimental hole cross-
smaller value of 0.04-0.05 eV directly obtained from thesection data. For the lowest-temperatiire 75 K measure-
shapes of the low-energy tails of the corresponding photoment points up to about 0.64 eV were includese Fig.
ionization cross-section curves. 10(a)]. The corresponding fittingdeconvolution procedure
Concerning this discrepancy between lattice adjustmentf this enlarged set of experimental data on the basis of Eq.
energy values extracted from electrical and optical data, re21) gives the energy dependence of the electronic part over
spectively, it is interesting to assess an earlier estimation dod fairly large interval. The spectral distribution Eg(h?) is
this crucial parameter by Ohtat al® on the basis of their shown logarithmically by the dashed curve in Fig(@pand
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in linear representation by the dashed curve in Figbjl0
Examining the shape of the latter curve carefully, one distin-
guishes three characteristic sections for which the curvature
is qualitatively different. For energiebv<0.42 eV, for
which the curve is governed by repulsive barriers, the curva-
ture is relatively strong. A similar curvature is observed at
higher energies, 0.50 eh»<0.65 eV, at which the curve

is approximately of exponential form. This is markedly dif-
ferent from the relatively weak curvatutalmost linear de-
pendencgin the intermediate energy region, 0.44 ethv
<0.48 eV. The nearly discontinuous change of curvature
becomes more obvious from the first derivative of the spec-
tral distribution,dEP(hv)/d(hv), as shown by the dashed
curve in Fig. 1Qc). A further interesting detail of this curve

is a certain steplike structure in the immediate vicinity of
0.40 eV, which seems to be due to the threshold of a second
excitation process.

Interestingly, the point of this first derivative curve at
which the curvature changes from convex to concave behav-
ior coincides almost with the expected position of the elec-
tronic absorption threshold,(77 K)+A4,=0.396 eV, due to
hole excitations into the split-off band. Comparing this result
with possible alternative models like those in Refs. 41 and
42, we found that an adequate interpretation of the rather
complicated energy dependence of the electronic absorption
Cross sectior’&p(hv) can be given up to about 0.45 eV on
the basis of allowed transitions into the light-hole band
[starting at),(77 K)=0.356 eV] in conjunction with allowed
transitions into the split-off bard [starting at
Jp(77 K)+A,,=0.396 e\. These two allowed absorption
band components have not been taken into account by Ohta
et al! due to the confinement of their experimental data to
energieshv>0.43 eV. We believe this is the reason for the
different results obtained in this paper and in Ref. 1.

It may also be worthwhile to point out that in the present
case of Si:V no significant contribution of allowed hole tran-
sitions into the heavy-hole band was detected. This is in
contrast to our results obtained with Si{Ref. 41 and
Si:Se*? In these cases, the corresponding electronic absorp-
tion cross sectiongrp(hv) showed a rather simplénearly
linean behavior over a relatively large energy interval at
higher energies due to the strong contribution of hole transi-
tions into the heavy-hole band.

This short discussion of some features in our detailed nu-
merical analysis of optical data already shows that there are

good reasons to believe that the present numerical results are

more adequate than the ones suggested in Ref. 1. Unfortu-
nately, this also means that the significant discrepancy b
tween the lattice adjustment energy values detected from di

ferent sets of optical and electrical data is still not removediq pasis of E
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FIG. 10. Graphical representation of the numerical deconvolu-

ion of the total set of hole excitation cross-section d&ig. 4 in
combination with additional experimental points f6r=75 K) on
q21). (a) Measuredr,(hv, 75 K) data(full curve) in

Attempting to remove a similar discrepancy in the case ofomparison with the deconvoluted electronic pag(hv) (dashed
the GaP:O centefstate 1, Henry and Lang assumed a cyve in logarithmic representatiorib) The same curves as i)
relatively strong shift(about 22% of the relevant phonon put in linear representation. The magnitude of the Franck-Condon
frequencies in both alternative charge states. We have testeglift, A=0.042 eV, is directly obtained from the horizontal shift

this hypothesis in the present case of @éevel in Si:V. To

between the nearly linear region of the electronic cross section

this end, we performed alternative fittings of the electrical(dashed curveand the convolutedr,(hv, 75 K) data(full curve).
data taken from Table | and Fig. 10 of Ref. 10, respectively(c) First derivative of the convoluted absorption cross-section
on the basis of the analytical framework for NMP curve,do(hv,75 K)/d(hv) (full curve), and of the corresponding
transitions'®444°Using the same lattice adjustment energy,electronic part,da(hv)/d(hv) (dashed curve The latter has a

A, for the charge state “empty{after hole captureas the

steplike structure in the vicinity of the absorption threshold energy

one obtained from our numerical analyses of optical datalp(77 K)+A5,=0.396 eV for hole excitation into the split-off band.
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V. SUMMARY
[Fig. 9@)], i.e., A;=0.042 eV[in Fig. Ac)], an almost indis-

tinguishable alternative fit of the total set of electrical data In spite of numerous studies of deep levels in silicon,
was obtained when using a lattice adjustment endsgpf  there is still only little quantitative information available on
only 0.019 eV in charge state “full'(after hole emission  the actual temperature dependence of relevant level position
As shown in Fig. %), this particular set of parameters is parameterg(i.e., zero-phonon binding energies and Gibb's
actually able to reducing the classical vibrational barrier forffee energiesand associated Franck-Condon shiftattice
NMP hole capture to a similar valuef about 0.09—-0.10 e/  adjustment energi¢sThe primary goal of the present paper
as for the conventional mod8with a largeA value without ~ Was therefore to present an example of how such information

any phonon frequency shiffig. Ab)]. On the other hand, is obtained from q_uan.titayive investigations. The present
ow)i/ng to the baqsic re?gtiontgh%oggcg]f:A /A, (Ref. 44 study of theC level in Si:V involved several new combina-
n’ %Wp n’Mp .

which connects phonon frequencies with lattice adjustmen‘ijons of experimental measurements and theoretical analysis

energies in both alternative charge states, the relativelgrocedures‘ In view of their possible applications in forth-

strong reduction of\, in comparison withA, would require oming deep level studies, it may be useful to briefly sum-
9 n P P q marize the characteristic methodological changes and differ-

a corresponding phonon frequency reduption of about 33%énces in the present study.
i.e., an even larger phonon frequency shift than the one pos- ;) Ejectrical measurements of thermal emission rates and
tulated by Henry and Larigin the case of GaP:O. capture coefficients were performed at the same tempera-
Itis questionable as to whether or not such a large phonogres. This made a direct numerical calculation of Gibb’s free
frequency shift is physically realistic, especially for a trap inenergies possible without any intermediate exponential re-
silicon for which lattice relaxation phenomena are COﬂSid-gressions or other approximate linearization procedures.
ered to be significantly weaker than in other semiconductor (ji) Carrier capture properties were quantified exclusively
materials’ Moreover, from presently available photoioniza- in terms of capture coefficientsf dimension cms 1) since
tion cross-section datéFig. 4), there is no indication for these coefficients are primary data quantifying the capture
such a large phonon frequency shift. Actually, we have anaproperties of a deep trap. Moreover, they are directly related
lyzed these optical datdn analogy to Ref. 4falso in con- to the experimentally measured capture rates. In this way,
siderable detail on the basis of a generalized analyticabne avoids the implication of carrier capture cross sections
frameworK?® that, in principle, would allow the detection of which are not directly measured. .
phonon frequency shifts larger than about 10%. However, (iii) Optical measurements, comprising, in particular, the
we have not found any indication of such a shift. Interest-theoretically significant low-energy tail regions, were per-
ingly, this is again in analogy to the case of GaP:O where d0rmed at several temperatures.

similar numerical analysi4° of experimental hole ionization (V) Zero-phonon binding energies as well as an estima-
cross-section dat®24 has shown that the relevant lattice ad- ion of the associated Franck-Condon shift were determined

justment energies\, and A, are nearly the same in both by analyzing the temperature-dependent slopes and curva-

charge state@n accordance with Refs. 23 and)24n sum- tures (thetr_mal actt|vatt|o_:1 propertigsof  photoionization
mary, from our detailed numerical analyses of the opticafzross'Sec lon Spectra tauls.

data for the presently studied case of @&evel in Si:V (Fig. d (t\'/) ItEvidenci waz giveg for th? tﬂonlineamiarly qlé‘.""d.
4), it is concluded that the lattice adjustment enerdigsnd rati temperature dependence of the zero-phonon binding

A, for both charge states range between 0.04 and 0.05 e\Fnergy. This dependence can be described approximately by

Consequently, within the framework of the commonly con-2 Va_rsgnl-_typ?t analytlcfa_\:t_expresdmont. : f the t
sidered picturg(Fig. 9 of a single effective configuration (vi) A simultaneous fitting and extension of the tempera-

coordinate, a phonon frequency shift considerably |argeLu_re.depende.nce of Gibb's free energies gnd zero—.phonon
than 10%{cf. Fig. Ac)] appears not to be plausible. inding energies was performed on the basis of a unique set

The existing discrepancy may, in principle, be removedOf parameters.
by generahzm_g the existing th_eory of NMP transitions for ACKNOWLEDGMENTS
cases for which frequency shifts of different modes may
have different signs. Such a mechanism is, in principle, ca- The authors would like to thank the Swedish Board for
pable of reducing vibrational barriers significantly without Technical Development, the Swedish National Science Re-
requiring larger lattice adjustment energies. A possible fursearch Council, the Ministry of Science and Art of the Free
ther reduction of vibrational barriers at a fixed lattice adjust-State Saxony, and the German Research CommuDREG)
ment energy can probably also be achieved by chafigjing for financial support, which made the collaboration between
the principal axes of oscillations in a corresponding multidi-the Department of Solid State Physics of the University of
mensional lattice oscillator coordinate space. Unfortunatelyl.und and the Institute of Physics of the Technical University
such generalizations seem to be rather difficult to be realize@hemnitz-Zwickau possible. They would also like to thank
computationally. At present, no analytical framework isDr. F. Blaschta(TU Chemnitz-Zwickal for preparing the
available which would enable such a quantitative analysis. figures.

*Electronic address: paessler@physik.tu-chemnitz.de 3R. Pasler, Phys. Status Solidi B79, 133(1993.
1E. Ohta, T. Kunio, Jr., T. Sato, and M. Sakata, J. Appl. PB@s. 4Y. P. Varshni, Physic&Utrech) 34, 149 (1967.
2890(1984. 5C. D. Thurmond, J. Electrochem. Sd22, 1133(1975.

2L, Tilly, H. G. Grimmeiss, H. Pettersson, K. Schmalz, K. Tittel- L. Tilly, H. G. Grimmeiss, H. Pettersson, K. Schmalz, K. Tittel-
bach, and M. Kerkow, Phys. Rev. 84, 12 809(1991). bach, and M. Kerkow, Phys. Rev. 83, 9171(1991).



4322 PASSLER, PETTERSSON, GRIMMEISS, AND SCHMALZ 55
"R. Pasler, Czech. J. Phys. B4, 322(1974; 25, 219(1975. 27A. Nouailhat, F. Litty, S. Loualiche, P. Leyral, and G. Guillot, J.
8R. P=ssler, Phys. Status Solidi B86, K63 (1994. Phys.43, 815(1982.
°G. F. Neumark and K. Kosai, iDeep Levels, bias, Alloys, Pho- 23S, Loualiche, A. Nouailhat, G. Guillot, and M. Lannoo, Phys.
tochemistry edited by R. Willardson and A. Beer, Semiconduc-  Rev. B30, 5822(1982.
tors and Semimetals Vol. 1@cademic, New York, 1983p. 1. 298, K. Ridley, J. Phys. Q13, 2015(1980.

19E. Ohta and M. Sakata, Solid State Electra8, 759 (1980. 30R. Pssler, Phys. Status Solidi 85, 561 (1974.

1 .

D V- Lang, J. Appl. Phys4s, 3014(1974. 3IR. Pissler, Phys. Status Solidi 8, 69 (1975; 76, 647 (1976.
H. G. Grimmeiss and C. Ovre J. Phys. EL4, 1032(1981). 2R Pasler, Phys. Status Solidi 86, K39 (1978.

H. Petterssorfunpublishe! 33, K. Ridley, J. Phys. QL1 2323(1978.

V. Shockley and W. T. Read, Jr., Phys. R8¥, 835(1952. B, K. Ridley, Solid State Electror1, 1319(1978.
J. S. BlakemoreSemiconductor Statistic®ergamon, New York, R Pmsler Phys. Status Solidi &, 203(1978; 103 673(1981)

1962. ' ' ; . ' '

60
160. Engstion and A. Aim, Solid State Electror21, 1571(1978. 37\?';?:@’ CP::]eZh.RJe;ﬁthzﬁB(‘ligsgg(1984)l
¥D. V. Lang, H. G. Grimmeiss, E. Meier, and M. Jaros, Phys. Rev.gg~" . » PNYS. P '

R. Passler, Phys. Status Solidi &, K55 (1977); 83, K11 (1977.

B 22, 3917(1980. s
18R. Pasler, Phys. Status Solidi B70, 219 (1992. 402' E Hlen(ry anill.D.hV;.dLang, Phys. Rev. 15, 989 (1977.
. Pasler(unpublishe

19R. Pasler, Phys. Status Solidi B58 K143 (1990.

20R. Passler, Phys. Status Solidi B52, K47 (1990). 41H. Pettersson, R. Baler, F. Blaschta, and H. G. Grimmeiss, J.

2IR. Pasler, Phys. Status Solidi B67, 165 (1991). Appl. Phys.80, 5312(1996.

22p. A, Kopylov and A. N. Pikhtin, Fiz. Tverd. TeldLeningrad 42R. P=sler, H. Pettersson, and H. G. Grimmeiss, Semicond. Sci.
16, 1837(1974 [Sov. Phys. Solid Stat&6, 1200(1975]. Technol.11, 1388(1996.

23B. Monemar and L. Samuelson, Phys. Revli® 809 (1978. “3R. Pasler, Phys. Status Solidi B3, 625(1976.

24 samuelson and B. Monemar, Phys. Revi® 830(1978. 44G. Meinhold, Thesis TU Chemnitz-Zwickau, 1984.

25D, Bois and A. Chantre, Rev. Phys. Apab, 631 (1980. 4SA. Haug, Theoretische Festkperphysik Il (Deuticke, Wien,

26A. Chantre, G. Vincent, and D. Bois, Phys. Rev.2B, 5335 1970.

(1982. 46R. Kubo and Y. Toyozawa, Prog. Theor. Phg8, 160 (1955.



