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We present results of the Hall effect and resistivity measurements performed at a hydrostatic pressure up to
1.45 GPa on molecular beam epitaxy-grown CdTe and_@dn,Te layers doped with iodine. Our data
provide an evidence that in CdTe:l the iodine impurities introduce electronic states resonant with the conduc-
tion band, at about 320 meV above its edge. The energy of this state decreases,MEde at a rate of 11
meV per 1% of Mn molar fraction. The iodine level reveals metastable properties at low temperatures in close
analogy to other donors in CdTe and@X centers in GaAs. The experimental data are analyzed in terms of
positive and negativ&) (electron-electron on-site correlation energyodels of the iodine impurity charge
state. Both models reasonably well reproduce the experimental beH80d:63-1829)08719-9

I. INTRODUCTION either positive or negative Hubbard correlation endugi??*
Centers with both positive and negatit® have been re-
Progress of epitaxial growth techniques of the 11-VI ported in the literature. For example, certain localized states
semiconducting compounds, stimulated by their possible apn GaAs reveal a negativg character(e.g. Refs. 25—-27 and
plications in a variety of optoelectronic devices including references therein while experimental data obtained for
blue lasers, has focused new interest on donor dopants améminally undoped-InSb could be understood only assum-
their deep localized states. Investigations of molecular bearimg that the deep donor states have a positive correlation
epitaxy (MBE)-grown layers of 11-VI compounds doped energyU.?®%°In the case of iodine impurity in CdTe theo-
with Cl, Br, and In(Refs. 1-6 revealed a general problem retical calculations of Park and Ch3lpredict three differ-
appearing in these semiconductors, namely that an interent types ofDX-like centers, all having negative Hubbard
tional doping usually leads to a formation of compensatingenergyU. Among these three types of states, the most stable
defects or defect complexes. Higher electron concentrationsne(labeledDX;) has a microscopic structure similar to that
have been recently achieved by using iodine asndype  of a column VI impurity in Il1-V semiconductors. However,
dopant’~° This particular choice appears to be very efficientto our knowledge, there has been no experimental confirma-
in producingn-type CdTe, Cd_,Mn,Te, Cd_,Mg,Te, and tion of these expectations.
Cd, _.Zn,Te layers with the free-electron concentration up to  In the present paper, we based our investigations on elec-
10' cm3, i.e., by about one order more heavily doped thantrical measurements performed under hydrostatic pressure
it is possible in the case of other dopants mentioned abovevhich proved to be a very useful tool in studies of similar
Also, the use of iodine in modulation-doped CdTe/CdMgTetype of defects. Since the pressure coefficient of Ihe
heterostructures resulted in fabrication of two-dimensionatonduction-band minimum is expected to be considerably
(2D) electron gas with the highest mobility reported so far ingreater than that of the localized level due to | impurity, as is
wide-gap 11-VI materials:'°In contrast to the other dopants the case of other donoxg.g., Refs. 11 and }50ne could
mentioned above the iodine deep level has not been olalso expect a relative pressure-induced downward shift of the
served. defect level with respect to the bottom of the conduction
The aim of our work was to search for the iodine impurity band. This can lead to a trapping of electrons by impurity
level in CdTe:l and Cd_,Mn,Te:l and to study its proper- centers at sufficiently high pressures. Previous hydrostatic
ties. It is expected that iodine should have properties similapressure experiments performed on bulk CdTe:l did not re-
to other donors like Cl, Ga, Br, and In, which, apart fromveal any pressure-induced changes of the free-electron
hydrogenic states, create also highly localized states in Il-Vtoncentratiort! This result could be understood assuming
binary compound®~*and their alloys®2° At ambient  that the iodine resonant level was either located too high in
pressure these deep levels are in CdTe resonant with thtee conduction band to be occupied even at the highest ap-
conduction band with their energies ranging from about 0.0%lied pressure or this dopant did not form any localized
eV for chlorine to 0.26 eV for bromine, both with respect to states. In the present study we investigated CdTe:l layers
I'g minimum. At low temperatures these states exhibit metawith extremely high concentration, namely .20 cm™3
stable properties analogous to thoseDof centers in GaAs (by one order of magnitude greater than those used
and GaAl, _,As.2'?2From the physical point of view one of previously?), as well as Cg_,Mn,Te:l samples. In the latter
the most interesting problems related X and DX-like  case, in analogy td® X-centers in Gal,;_,As, we could
centers was the charge state of these defects when occupiegpect that the impurity level should be located closer to the
by electrons. The problem is usually considered in terms obottom of the conduction band than in CdTe, due to the
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TABLE |. Parameters characterizing the samples used in the experiments.

lodine Electron
Mn molar concentration concentration Compensation Hall mobility
Sample fractiorx Nisims(cm™3) ny(cm 3) ratio k¢ w(cm?/Vs)
CdTe!l 0 2.5¢10"° 1.4x 10" 0.28 360
Cdy gMng o7 Te: | 0.07 2.5¢10%° 5.3x 10 0.66 220
Cd, gMng 15 Te: | 0.12 1.5¢ 10" 4x10'8 0.58 73
Cdhy gMng ooTe: | 0.20 1.5¢ 10" 1x 1018 0.88 62

increase of the energy gap with the molar fraction of Mn.  3.8x10' cm™2 at p=1.1 GPa. In the sample with Mn mo-

The paper presents results that demonstrate for the firgdr fraction equal to 12% the decrease rof is less pro-
time that the iodine impuriyDX-like localized state does nounced. The free-electron concentration remains practically
exist. We determine the energy of this level in,CMn,Te  constant up to about 0.7 GPa and only for higher pressures a
as a function ok and we analyze the defect metastable propyecrease o, is observed. For the layers with=0.07 and

erties. x=0 the variation ofn, under hydrostatic pressure is very
weak. The total change of the free-electron concentrations
ll. EXPERIMENTAL METHODS AND RESULTS amounts to only about 20% and 10% in the sample with
A. Experiment =0.07 andx=0, respectively.

The above results could be understood assuming that the
iodine impurity gives rise to a level, which at=0 GPa is
resonant with the conduction band and thus provides elec-
trons to the conduction band. As the pressure is increased,
the energy of the impurity level decreases relatively tolthe
minimum. At sufficiently high pressures, when the level ap-
proaches the Fermi energy, the free electrons become
trapped by the impurity centers, which is observed in the

e : — Hall effect experiments as a drop of the free-electron con-
followed by 3+ 4-um thick buffer of undoped CdTe. Deter centration. The effect of alloying is somehow similar to that

mination of the molar fraction of manganese in,CgMn, Te of pressure—the energy of the level decreases with Mn mo-

layers was based on an earlier calibration of MBE processes . . .
: . - Tar fraction due to alloying-induced increase of the energy
involving measurements of the energy of the free exciton

luminescence. The total concentration of the iodine impuri-gap' In the CdTe:! sample the impurity level lies so high in

C : he conduction band that even for the Fermi energy of about
ties introduced into the layers was measured by secondatI N - .
ion mass spectroscog$IMS) technique. I¥F~210 meV(at p=0) above the bottom of the conduction

band the applied pressure is not high enough to produce any

The Hall effect and resistivity measurements were per-". . ; . -
formed as functions of hydrostatic pressure up to 1.45 GPa jyisible freezout. Obviously, in CghMngoTe:l sample the

the temperature range from 77 to 300 K. We used highlodine level is much closer to thés minimum as well as to

pressure equipment with helium gas as the pressure transmhrle Fermi energy because the decrease of the number of free
electrons becomes substantial at relatively low pressures. As

ting medium which allowed us to change the value of the e shall see, at the highest applied pressures the level even
pressure acting upon a sample at a constant low temperatur‘g ’ 9 bp P

An infrared GaAs light emitting diod€LED) was also enters the forbidden gap in Fhis sample. .
mounted in the pressure cell, which made tpersistent The pressure dependencies of the Hall mobility measured

SOV . . ; ; . at T=190 K in all our samples are shown in Fig. 2. In the
photoionization of investigated impurity centers possible. ) )
Ohmic contacts were formed by annealing indium pellets ircas€ of CdTe:l and anl\/lno_mTe.l samples only a very

! W y ng Indium p ! eak (of the order of 5% at the highest presgusad nearly

vacuum at 180 °C for about 1 min. Hall bars were defined b))N

indenting the surface of the layers with a steel needle. P inear decr9a§e of the mobili'Fy V.Vith pressure was observed.

rameters characterizing our samples, i.e., Hall concentratio uch a varlatl_on can pe qualitatively unders_tood in terms of

ny and Hall mobility » measured aT—, 190,K are listed in e pressure-induced increase of the effective mass. On the
H - ]

Table . other hand, in CglggMngooTe:1 sample the decrease of the
mobility is much more pronounced reaching about 40%. In
the case of CglgdVIng 1,Te:1 layer the mobility is almost con-
stant for the pressure lower than about 0.8 GPa and then it
The variation of the Hall concentratiany with pressure decreases by about 14% fpr0.8 GPa.
measured al =190 K for all our layers is presented in Fig. As mentioned, the above results were obtained at 190 K.
1. One can see that the pressure induces a decrease of elower temperaturedower than a critical temperatuiie.)
free-electron concentration. However, the magnitude of thehe experimental results are quite different. In all our samples
changes depends strongly on the manganese molar fractiotlear manifestations were observed of metastable occupation
x. For the sample withx=0.20 the electron concentration of the iodine impuritiegsuch as persistent photoconductiv-
decreases from 4 10' cm™2 at ambient pressure down to ity), typical for D X-like centers. The results presented in Fig.

In our experiments we used iodine-dopedype CdTe
and Cd_,Mn,Te (for x equal to 0.07, 0.12, and 0.20) layers
grown by molecular beam epitaxMBE) at the substrate
temperature equal to 250 °C. Elemental sources of 4,

Te (7N), and Mn(5N) were used while the doping was per-
formed from a compound source containing Z(BN). CdTe
and CdMnTe layers 0.pm thick were grown on semi-
insulating(100 GaAs substrates covered with 10 A of ZnTe

B. Results
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FIG. 3. Hall concentration in GggMng soTe:1 as a function of
pressure applied af=190 K (open circleg which was later re-

FIG. 1. Hall concentration versus pressure measured at l€ased aff=77 K (full circles) after illumination. The point-full
=190 K. Solid and dashed lines are theoretical calculatiseg Sduare was measured at 77 K before illumination, but after appli-
text) within the positive and negative) models of the impurity ~ cation of pressure at 190 K and then cooling the sample down to 77
center, respectively. K at p=1 GPa. The arrow shows the increase of the Hall concen-

tration after illumination at 77 K ang=1 GPa.

Pressure (GPa)

3, obtained for CglsgMng ooTe:l, are qualitatively the same jogine impurities, still with the high pressure applied to the
in the remaining samples. As we described, Tor Tc the  sample, one can observe the recovery of the equilibrium oc-
concentration. If the temperature is then lowered beTqu transients shown in F|gs(@ and 4b) as a Step“ke decrease
(while the high pressure remains appliethe occupation of of | position of which define3.. As it is seen from Fig.
iodine impurities is frozen and observation of different val- 4 Tc is slightly different in CdTe:l and GghMng ooTe: .
ues of the free-electron concentration at the same extermﬂhiS can probably be attributed to different value of the
conditions is possible. For example, a few minutes of illumi- ggrm;i energy in these two samples—the Fermi level in
nation by LED induces an increase of;, which persists  cgTe:l is much higher, which makes it easier for the electron
even if the pressure is released. On the other hand, when thg overcome the capture barrier leading in consequence to an
temperature is raised after persistent photoionization of thgffectivew lowerT¢. The above results are in close analogy
to those seen in CdTe:lfRefs. 14 and 1bas well as in
T T T T T T T T T T GaAs heavily doped with Si, Te, and 3¢

500 I \CdTe:I | I1l. DISCUSSION
I N O I A. Hall concentration

. CdMnTe:l Our experimental results provide an unambiguous proof
N‘>\”200 mvnm“wﬁ%”_ of_ the existence o_f the iodine-related level that is degenerate
5 with the conduction band and that possesses metastable
2z properties alf<T.. In order to determine the thermal ion-
g ization energy of the level and its pressure shift we per-
=100 formed calculations assuming either a single or double occu-
I

pation of the state by electror(ge., assuming either the
positive or negative on-site Hubbard correlation enddgy
In both cases we assumed that the I-level is in thermal equi-
librium with the conduction band at temperatures higher than
T and can be described léylike density of states. We have
- - also assumed that the conduction band is spherical with a
T N S N L parabolic dispersion and neglected the effects of the subsid-
iary L and X minima, which are located well above the
minimum even at the highest pressures. Since the measure-
FIG. 2. Hall mobility as a function of pressure measuredat ments of exciton energy in a magnetic field in,CdMn, Te
=190 K. Solid lines are theoretical calculations performed withinshowed that for this ternary semiconductor system the effec-
positive U model of the impurity center. tive mass in the conduction band is practically independent

50

Pressure (GPa)
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L B The charge of the iodine centers occupied by electron
Cae:l depends on the sign and the value of electron-electron cor-
P=1.3 GPa relation energyU. In the case of the one-level positiié
model the impurity center can trap only one electron chang-
ing its charge state from+) to neutral(0). However, for
the negativeU model generally one has to consider three
possible charge states of an impurity: positive, neutral, or
negative. Coexistence of all the three charge states was re-
ported to occur, e.g., for Ge impurity in GaAs* On the
other hand, if the energy) has a large negative value
(JU|>kgT), the neutral charge state cannot be achieved.
T N T Since our data reveal the existence of only one level, trap-
100 200 ping free electrons, it means that, if realll<O occurs, we
Temperature (K) are dealing with the latter case, i.e., under hydrostatic pres-
sure the center can simultaneously trap two electrons chang-
CdMnTed x<0.20 ing its charge state directly fromH) to (—).

The charge neutrality equations for both considered mod-
els of the impurity are the followingn+N,=N,", andn
+Np+N; =N, for U>0 and U<O0 case, respectively,
where N;” and N, stand for positively and negatively
charged | center¢see appendix We have assumed linear
variation of the thermal ionization energy of the iodine level
with hydrostatic pressure and with molar fraction of Mn:

o o E/(p,X)=E,;(0)+9E,/dp-p+ JE,/dx-X. Thus the neutral-

ity equations contain only three unknown parameters, which
were fitted to obtain the best agreement between the calcu-
lated and measured,(p) dependencies. The fittings were
performed for three CdMnTe:l samples. For CdTe:l the
pressure-induced decrease of the free-electron concentration

FIG. 4. Temperature transients of the Hall concentration meawas too small to permit a reliable fitting procedure. The re-
sured for various metastable occupations of the localized iodinsults of the calculations are shown in Fig. 1 as solid and
state in: a CdTe:l, b CdygdMingoTe:l. The points-open circles dashed lines fotJ>0 andU <0 models, respectively. It is
were measured during cooling the samples down, while full circleglear that both models reproduce experimeni#lp) depen-
during heating them up after illumination performed at 77 K. Thedencies equally welithe dashed and solid lines almost co-
arrows show the increase of the Hall concentration after iIIumina-inCide) and, moreover, with similar values of the fitted pa-
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tion. rameters, namely:

of Mn content! therefore in our calculations we took the E*/%(p,x)=329 me\*- 102 meV/GPap
same value of the effective mags*=0.1m, for all the

samples considered. This value corresponds to the effective —1140 meVix  for U>0

mass of CdTe at ambient presstfaVe have assumed that
the variation of them* with pressure is proportional to the

pressure coefficient of the gapEg/dp, i.e., m*(p) E~'*(p,x)=316 me\-93 meV/GPap
=m*(1+1/Eg- dEg/dp- p). This correction of the effective
mass is relatively small, and at the highest applied pressure —1130 meVx for U<O.
of 1.4 GPa it amounts to about 7.5%.
The concentration of iodine impuritids;, as well as the The energies are given with respect to theninimum of

concentration of acceptordl,, have been evaluated in the the conduction band. The thermal ene&\ﬁ/Jr (forU<O0) is
following manner. For all our samples the free-electron congiven per one electron. Both values of the pressure coeffi-
centration was almost constant at low pressures, whickients agree well with the pressure derivatives of the energy
meant that practically all the iodine impurity centers werelevels of other donors in CdTesee, e.g., Ref. 25and with
ionized at ambient pressure, thus(p=0)=N,—N,. Then  corresponding theoretical predictiotfs.

we adopted the self-compensation concept originally used Although in the calculations the compensation of the
for CdTe that intentionah-type doping is generally accom- samples was determined from the SIMS data, we have
panied by a formation of compensating complexes each afhecked that thermal ionization energies afff, /dx are
them containing the dopant atom and some native détéét. practically independent of the sample compensation as well
Therefore, we have assumed that the total concentration afs the model of the impurity charge. However, the fittings
the iodine impurities measured by SIMS is equaN; s  performed within U>0 model for the CgggMngoTe:l
=N, + Nu. This has enabled us to calculate the valueslof sample showed that the pressure coefficient varied almost
andN, as well as the compensation rakg=N,/N, listed twice with the compensation being changed frkg=0 to

in Table 1. kc=0.9 contrary toU<0 model wheredE, /dp was inde-
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pendent of the compensation. This suggests that the probleooncentration of the ionized centebg, was evaluated based
of the charge state of the iodine impurity center can be exupon the SIMS data and our experimental values of the free-
perimentally solved by means of pressure studies of speciallglectron concentration. Within the positik¢ model it was
chosen samples, i.e., with low compensation and Mn conterdqual toN; =N+ N, (p) while in the case of the negatik

x~0.20+0.25. model, the number of charged centers was pressure indepen-
dent, being equaN;=Nz+N;=N,;g;us. In our calculations
B. Upper limit of the free-electron concentration the only unknown parameter is the matrix eleménHaving

The existence of the donor level degenerate with the coni—n mind that the theoretical mobility should not be lower than

duction band introduces an upper limit for the free-electrortS experimentﬁllzzvaluersﬁs we found that paramefetannot
concentration in CdTe and §d,Mn,Te heavily doped with ~€Xceed 2.&10 ““eVenr. This value is of the same order
iodine due to the pinning of the Fermi energy to the impurity@S for other ternary semiconductdisee, e.g., Ref. 36 and
level. For CdTe the Fermi enerdy,=E, corresponds to a references therejnand corresponds to the best agreement

very high value of the free-electron concentration equal t?€tWeen calculated curves and experimental points for the
about 3x 10° cm 3. However in Cd_,Mn,Te the impurity sample withx=0.07. For other samples the calculated values

level is closer to the bottom of the conduction band. ThisOf the mobility visibly exceed the experimental data, which

makes upper limit ohy, smaller in the ternary material. In is illustrated in Fig. 2—solid lines were calculated within

) i — — 22
Cd sMngogTe the limit can be estimated to be about 5Y=0 model usingy=2.8x10 event. _
<10 cm- 3. For Mn molar fractionx~0.30. the iodine This result means that in our samples also other scattering

level enters the gap, which corresponds to a maximum fregl'échanisms, beside those considered above, were probably
electron concentration (at room temperatufe n~2 active. They can include scattering by neutral impurities or/
%107 cm~2 only. It should be pointed out that, since in and dislocations etc., which can further reduce absolute val-

samples with the iodine concentration closédpabove this ues of the mobility. Nevert.heless, in spite of thg m_entioned
upper limit some of | impurities are already occupied byd|s<;repancy, our calculat!ons reproduce qughtatlvely the
electrons even at ambient pressure, one should expect [Rain features of the experimental data. In particular, we can
such a case undesirable, metastable properties at low terﬁ)—_(plaln the decrease of the absolute value O_f the mobility
perature, e.g., persistent photoconductivity. It means that th&ith the molar fraction of Mn in terms of the disorder scat-

L . ering. This scattering channel makes, in particular, the mo-
upper limit of dopant concentration should not be exceedeﬁ.}.. S o
Nevertheless, iodine is still the best known donor dopant i ility of t.he sample withx=0.20 distinctly Sm"?”er than.th"."t

CdTe and Cg_,Mn,Te (x<0.30) materials. In CdTe:l sample although the former contains less ionized

impurities.
Our theoretical calculations describe properly, bottUin
>0 andU<0 models, a relatively weak dependence of the
In this section we focus on qualitative understanding ofmobility on pressure. For CdTe:l and Gg@Mng o Te:l
the main features of the mobilityy, observed in the experi- samples a very weak decrease of the mobility with pressure
ments. We shall analyze the changeofwith Mn molar  was predicted in agreement with the experimental data. The
fraction in ternary Cd_,Mn,Te:l layers. Then we shall dis- pressure dependencies are mainly due to pressure-induced
cuss the dependence of the mobility on hydrostatic pressuréncrease of the effective mass. For (Ggvingole:l and
This dependence is quite weak even inggfMngole:l for  CdygdMng 15Te:1 samples the relative changes of the mobil-
which the pressure-induced variation of the free-electronty with pressure are shown in Fig. 5. Solid and dashed lines
concentration reaches almost two orders of magnitude. Theorrespond to the calculations witHih>0 andU <0 model,
natural explanation of the mobility dependence on Mn con+espectively. Both models reproduce well the weak decrease
tent is the chemical disorder scattering. Treating the potenef the mobility with pressure. This fact is connected with a
tials introduced by Cd and Mn atoms as deviations from arhigh compensation of the samples. In such a case the varia-
average potential of a virtual crystal one obtains for the retion of the mobility upon hydrostatic pressure is mainly gov-
laxation time of a carrier in a parabolic and spherical con-erned by the effect of the screening of Coulomb potentials.

C. Electron mobility

duction band® The screening by free electrons weakens with decreasing
their concentratiortand not with changes df;). Within the
wh3 positive U model this effect of screening is much stronger
Tk:m' than that related to pressure-induced decrease of the concen-

tration of iodine ionized impurities, which become neutral

wherek is the wave vectonN-the number of cations per unit after trapping electrons.
volume, and the paramet&f is the matrix element of the High-compensation ratio explains also a very small differ-
difference between atomic potentials of Cd and Mn atomsence between the calculations within both modstown by
calculated fors-like Bloch wave function in the conduction solid and dashed curves in Fig. 5, respectiveRhis is par-
band. The relaxation time, decreases with Mn content for ticularly true in the case of GggVng soTe:l sample, which
x<0.5. It also depends on the free-electron concentration viaas the largest compensation ratio, ilez=0.88. For the
the wave vectok, increasing with the decrease of . sake of completeness we also performed analogous numeri-

In the calculations we used the procedure described ikal analysis of the mobility taking additionally into account
Ref. 37 taking into account beside the scattering mechanisrhe scattering by neutral impurities. To do this we have to
mentioned above, the scattering by screened Coulomb poteimtroduce new fitting parameters, one for each sample. Not
tials of ionized impurities and the scattering by phonons. Thesurprisingly, one can reproduce then very well both the ab-
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and

E, " (p,x)=316 meV-93 meV/GPap
—1130 meV¥x for U<O.

On the other hand, we find that the problem of the charge
state of the iodine impurity center can be experimentally

go.s solved by the pressure studies of specially chosen samples. A
g sample suitable for this purpose shouigcontain about 20
.:g: f25% of Mn (as our sample of GgdVingsole:l) an_d
o (ii)-be by far less compensated than the one used in our

study.

The presence of the resonant donor level introduces the
upper limit of the free-electron concentration in the investi-
gated materials. For CdTe:l this limit is estimated to be about
3x10*° cm 2 while for CdyggMingoTe:l it is about 5
X 10* cm~3. For Mn molar fractionx~0.30 the impurity
level is predicted to enter the forbidden gap.

o
o
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solute values of the mobility in all the investigated samples APPENDIX

and their pressure dependencies. However, the conclusions
following from such analysis are not different from those For the positiveU model, the concentration of positively
above: because of high compensation of our samples it igharged | centers has the following form

impossible to distinguish unambiguously between ithe 0
andU <0 models of the iodine impurity centers. N
N;F= :

Er—E,
IV. CONCLUSIONS 1+gex
keT

The main conclusion of our paper is that iodine impurity
in MBE-grown CdTe:l and Cd ,Mn,Te:l layers introduces
the electronic level, which is resonant with the conduction
band. The level reveaB X-like character. The observed ef-
fects of persistent photoconductivity and the metastable oc-

whereg is a degeneracy factor.
For the negativéJ model the concentration of positively
and negatively charged iodine centers have the forms

cupation of the level at low temperature§<(T-~120 N

+160 K) induced by hydrostatic pressure are in close anal- N, = ! —
ogy to those seen for other donors in CdTe as well as in 1+gexp< 2(Eg—E, )>
GaAs heavily doped with donors. However, based on our kgT

experimental data we are not able to unambiguously distin-

guish betweerd <0 andU>0 cases. Both models can re-

produce our experimental data of the free-electron concen- o 2(Eg—E; ')

tration as well as of the mobility. Both models render similar Ny =N/ gex T kT )

values of the fitted impurity level energy, its pressure coef-

ficient and the linear coefficient of its change with Mn molar  The above formulas follow from the grand canonical en-

fraction, namely semble with the assumption thidd|>kgT. The thermal en-
ergy E~'* is given per one electron. Since our calculations
were performed for a constant temperatdre 190 K, we

E,*’O(p,x)=329 meV-102 meV/GPap have assumed=1, keeping in mind that if§# 1 the value
of E, would have to be corrected bkgT-In(g) and
—1140 meVx for U>0 0.5kgT In(g) for U>0 andU<0 models, respectively.
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