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Carrier-type reversal in Pb-modified chalcogenide glasses
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Carrier-type reversalp to n) has been observed, in e, ,Segle glasses (&x=<20) at 8 at. % of
lead. dc electrical resistivityp) and activation energy for electrical conductioAE) are found to exhibit
notable change at the-n transition threshold, which are associated with the change in the electron concen-
tration duringp-n transition. The observep-n transition has been explained in light of the recent Kolobov
model on the basis of modification of charged defect states by the introduction of lead. Also, the influence of
other factors, such as band structure, polarizability of the dopant, etc., on the carrier-type reversal, has been
discussed[S0163-18208)01928-9

I. INTRODUCTION Il. EXPERIMENT

PbGes,_ Seglegglasses (&x<20) were prepared by

It has been known for a long time that chalcogenidethe two-stage melt-quenching method: Appropriate amounts
glasses ar@-type semiconductors:® In these materials, the of high-purity Pb, Ge, Se, and Te § were taken in evacu-
valence band is constituted by the chalcogen lone-paifted, sealed quartz ampoules. The ampoules were slowly
orbitals? The effect of structural disorder is less on the lone-heated and maintained at 600 °C for about 24 h with continu-
pair band compared to that on the antibonding orffitalen- ~ OUS rotation. They were subsequently taken to 1000 °C and
duction bangl Therefore, the range of localized tail states atk€Pt under constant rotation for 36 h to facilitate homogene-
the valence-band edge is smaller in comparison to the localy: The ampoules were quenched subsequently in ice-
ized states at the conduction-band edge. As a consequendgdtert NaOH mixture. The amorphous nature and composi-
the number of electrons excited above the conduction-bang” of th_e gIas_ses were conflrmed by x-ray diffraction and
mobility edge is less than the number of holes excited below €'Y d|spe'r3|ve x-ray analysis, respecuvely. .
the valence-band mobility edge and the chalcogenide glasses The elec_trlcal cor!dhLllctance W?S measured in Sandw'?.? ge-
behave asp-type semiconductors.Chalcogenide glasses ometry, using a Keithiey 614 electrometer. A preamplifier

X . ) with a high input impedance was used in conjunction with an
also contain positively and negatively charged defect stategyqcyrometer, for the measurement of the thermovoltages.

known as valence-alternation péi(yAP's)_. During thermal 1 preamplifier consisted of two stages. The first stage was
excitation, the lifetime of free holes excited from the posi- comprised of an AD-542 operational amplifier with an input
free electrons excited from the negatively charged defectgmpiifier(ADOP-07) with a gain of ten was used. The output

which also account for thp-type conductivity? of the second stage was fed to the electrometer.
Amorphous chalcogenides are generally insensitive to
doping, because of the pinning of the Fermi level at midgap IIl. RESULTS AND DISCUSSION

by the valence-alternation paftddowever, it has been real-
ized by Motf that charged additives could change the ratio Figure 1 shows the dependence of the Seebeck coefficient
of valence-alternation pairs to such an extent that the Fernin composition of Pise,, ,SeigTeyo glasses (8x=<20). It
energy could become unpinned. Metallic additives such as Bfan be seen from this figure that the sign of the thermopower
and Pb in chalcogenide glasses enter the network as chargef@nges from positive to negative around 8 at. % of Pb,
species, altering the concentration of valence-alternatiolfNich indicates a transition from-type ton-type conduc-
pairs® When the concentration of charged additives exceedloN:
that of valence-alternation pairs, the chalcogenide glasses
can exhibit carrier-type reversal:n transition has been ob-
served in Ge-Se and In-Se glasses, with the addition of Bi The defect states play a very important role in deciding
and PB° many of the properties of chalcogenide glasseBhe two

The present paper reports then transition in Ge-Se-Te types of neutral, bonding defects that can occur in chalco-
glasses, induced by the addition of Pb. Efforts are also madgenides are the dangling bond and the threefold coordinated
to understand the origin of carrier-type reversal and the rolehalcogen. These defects are denoteByandC3, respec-
of charged additives in glassy chalcogenides, on the basis difely, whereC represents the chalcogen and the subscripts
the defect structure of these materials revealed by recednd the superscripts represent the coordination and the
experiments? The critical role played by other factors such charge state. Mott and Davis assumed t64tis the only
as the band structure, polarizability of the dopant, etc., on thaeative defect in these materials; if two dangling bonds are
carrier type reversal has been described. present sufficiently close, charge transfer occurs between

A. p-type conduction in amorphous chalcogenides
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2.0 : ' ' ' the C; center during excitation. The initial state is restored
Pb,Ge,, .,Se, Te,, during recombination and the excited electron is removed
- from the conduction bandl.
Thus, the thermal excitation of positively charged defect
1.0k - states creates a long-living hole, whereas the electrons ex-

cited from the negatively charged defects recombine. This
results in a larger concentration of holes and consequently,

amorphous chalcogenides behavepaype semiconductors.
\ As the p-type conduction is intrinsically connected to the
defect states, any change in the concentration of the charged-
defect centers, effected, say, by the addition of a third ele-
- ment, can change the conduction type in these materials.

Seoe(MV/K)
o

-0 i B. p-n transition in Pb-doped chalcogenide glasses
I In GeC glasses, there are two different types of structural
units present, depending on the Ge content. At higher Ge
-2.0 [ | , | contents, homopolar Ge-Ge bonds are predominant, in addi-
o} 5 10 15 20 25 tion to the heteropolar GE€- bonds. The charged-defect
X atom % states in these glasses are primarily the; Gand Cg
centers-*
FIG. 1. Compositional dependence of thermopower of The nature of chemical binding in lead chalcogenides is
PbGey, ,SesTe;q (0=x=20) glasses at 50 °C. usually mixed(ionocovalent!®!® The ionic component of

. , , the binding can be associated with the strong polarizability
them, which res+ult? in the creation of two charged-defeciyt |oa4 and the large difference in electronegativity between
states C; andC3)." Kastner, Adler, and Fritzscffeon the  ppy ang the chalcogen. There is an uneven sharing of the
other hand, suggested that the dangling bo@) (is ener-  ponding electrons between Pb and the chalcogen, which im-
getically unfavorable and the lowest-energy neutral defect iparts a partial negative charge to the initially more electrone-
only C3; the CJ centers spontaneously transform if@§  gative chalcogen atom and leaves a partial positive charge on
and C; centers(VAP’s). However, self-consistent pseudo- the initially less electronegative Pb atdfmin Pb-GeC
potential calculations of Vanderbilt and Joannopotfios glasses, it is postulatétthat the lead atoms transfer an elec-
showed that at least in glassy Sg) is the lowest-energy tron to aC; center and modifies it into @2 center. Simul-
defect andC$ centers do not exist. The recentsitu opti-  taneously, it also creates @, center by donating another
cally induced electron spin resonan®SR and extended electron to an adjacer) site. There is a resultant ionic
x-ray-absorption fine structure measurements also confironding between the Bbion and theC; and C) centers
that in amorphous Se, singly coordinated neutral defects argeated. Earlier investigations also indicate that the lead at-
more stable than the triply coordinated defeéc@3 defects  oms reside in the Bb state in lead chalcogenide glasés.
are found to decay easily in@©} centers® It can be seen that the addition of Pb in Geglasses

Based on Vanderbilt and Joannopouldtigolobov® pro-  converts some of th€; centers intoC; centers, while the
posed a model to explain the origin pftype conduction in  Ge,™ centers remain unchanged. Consequently, the number
amorphous chalcogenides. This model considers the thermgf C; centers that can undergo thermal excitation as per the
excitation of the charged-defect stateg andC; . In the  Kolobov modet decreases. Hence, there is a decrease in the
case of theCér defect, the direct excitation is not possible, asnumber of free holes formed by the conversior@@T centers
the nonbonding states are removed when the extra bond jsto C; centers. Also, with the decrease in the number of
formegl during trz)re_efold (?oord|nat|on. When one qf its near-c: centers, the number ahallow trapd® that capture the
est neighbors ¢;) is excited, an electron-hole pair is cre- glectrons excited into the conduction band decrease, which
ated. This electron is attracted by tfig center, while the can account for an increase in electron concentration. In ad-
hole created in the valence band is mobile and contributes tgition, there is a simultaneous increase in the negatively
the conductivity> The electron trapped by th€; defect charged defects@;). With this, the number ofhallow
converts it into aC3 center, which subsequently decays acceptor$® that capture a hole from the valence band in-
forming aC‘l) center*® The net result of the whole process is creases. As an overall consequence, there is a shifting of the
therefore the conversion of@; defect into aC9 center and  Fermi level towards the conduction band that accounts for
a simultaneous creation of a hole in the valence band. It ighe p-n transition.
not possible for the hole, excited as above, to return to the It has been recently suggested that the suppressi@j of
place of its origin, as the structure of the defect itself iscenters and enhancement®j , alone may not be adequate
modified during the excitation and the hole is left in theto explain thep-n transition in chalcogenide glasses, and
valence band as a free carrier. band structural effects also have to be considétdd.Pb-

Similarly, when a negatively charged defect cer@gris  doped chalcogenide glasses, for example,sth#? orbital
excited, it results in the formation of @ center and a free of PE?* ion occupies a slightly higher level than the Se lone
electron. However, no structural reconstruction takes place ipair level. The triplett,, levels of Pb are still higher and
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Figure 2 shows the variation of electrical resistivity of
Pb-Ge-Se-Te samples, with temperature, in the range 300—
500 K. It can be seen that the conduction is a thermally
activated form with a single activation energy. Figure 3
overlap with the empty antibonding* levels. As the top of shows the composition dependence of the conductivity acti-
the lone-pair band is constituted of Ser C; type of states, vation energy AE) of PhGey, ,SesTe glasses of differ-
electron transport can occur from these levels through th@nt compositions, estimated from the variation of electrical
emptysp3d? state. With the increase in concentration of Pbresistivity (p) with temperature. The composition depen-
width of bothspd? andC; bands increase, accounting for _dence of electrical resistivity at ambient temperat@e °C)

an increase in the electron contribution to the conductivity’ /S0 Shown in Fig. 3. Itis interesting to see from Fig. 3 that

that can exceed the contribution from holes. Thus, there igeaidg't'orrég;gg Ige(caree-assee_-li—r? ?éifiﬁflag:]ndg tﬁ: lzci(ijvsation
also the contribution from the changes in the band structur PP y

with Pb content, in the-n transition® énergy. Also,_ th(_are is a notable drop in b_o_th electrical resis-
' T . .. tivity and activation energy at the-n transition threshold.
R_ec%nt photoemission  and inverse ~ photoemission ™t o yecrease in resistivity with the addition of more me-
studies” suggest that in Bi-Ge-Se glasses also, the Bi-S¢,jic jead is not unexpected. With the increase in Pb, there is
antibonding states are mixed up with the Ge-Se antibonding §ecrease in the number of Ge-Se and Ge-Ge covalent
states, to lower the conduction-band minim@BM). With 5145 and an increase in Pb-Se ionic bonds, which can ac-
the addition of Bi, the CBM moves towards the Fermi level, count for the decrease in resistivity. The sharp change in
while the valence-band maximum shows no notable changgesistivity at thep-n transition threshold is linked with the
The p-n transition has been attributed mainly to the newdiscontinuity in the activation energy. The sudden decrease
unoccupied states that appear just above the Fermi #vel.in activation energy at thp-n transition can be understood
This result also underlines the importance of band structurady considering the effect of charged impuritigsA¢ ]) on
effects in the carrier-type reversal in glassy chalcogenides.the defect density[C ] and[Cg]) and carrier concentra-
In any given system, the carrier-type reversal thresholdions (n).
will be decided by the combination of the aspects described The total density of valence alternation centebd) (is
above(defects and band structural effgctBurther, thep-n - given by
transition is not drastically altered by the replacement of one
chalcogen by another, as seen earlier in Bi-GefSef. 8
and Bi-Ge-Se-Te samplé5The present results also confirm

FIG. 2. The variation of log(resistivity) with (1000T) for
PbGey, ,SeslTe o (0<x=<20) glasses, in the range 300-500 K.

N=[C;]+[C3]. @
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In the absence of a metal additive, the positively and negaestimatedn,, using the more common values ™,
tively charged native defects are equal in numbe€y(]  (~107 cm™3) and[A"] (=10”* cm3), to be of the order
=[C3 ]) andN=2N,, whereN, denotes the concentrations of 10'3 cm 2. For Bi-Ge-Se glass&s,n, has been found to
of individual native-charged defects. be ~10% cm™2 at 9 at. % of Bi p-n transition threshold

The concentration of native VAP’s equilibrating at the and an abrupt change in the conductivity activation energy
quenching or glass transition temperatufg)( is also given  has indeed been observed at this composttion.
by In the present cas@b-Ge-Se-Tg the actual value o

> ) is not available. Assumintlo~ 10" cm3 and using the es-
No=[C31[C11=Na exp(—Evap/k Ty), @ timated value of A"] (calculated from the density using the

whereN, is the density of the chalcogen aitjp is the earlier proceduré), the electron concentration at then
energy required to create a valence-alternation defect paffansition threshold has been estimated for Pb-Ge-Se-Te

from a normally bonded chalcogen. samples, to be equal to %307 cm?. It can be seen that the
The electron concentration in the absence of additive€stimated value of is of the order of the threshold electron
(no) is given by? concentration 1§.), which accounts for the discontinuity in

the conductivity activation energy.
n?[C31/[C;]=N2 exp —2e,/kT)=n2 (3)
D. Comparison between Pb and other dopants

whereN¢ is the effective density of conduction-band states. : . A )
in effecting p-n transition in glassy chalcogenides

The activation energy for the electrog,~Ey/2, wherek, is
the mobility gap. Elliott and Steel proposed that for carrier type reversal,
It is assumed that additives such as Pb equilibrat€,at the polarizability of the doping element is an important
and yield positive centers of concentratipA™ ], whereA criterion?* the larger polarizability of the dopant makes the
denotes the additive. In order to calculate the thermal activaformation of a partially ionic bond with the chalcogen likely.
tion energy for various concentration [0 * ], the total den-  The polarizability of the two well-known dopants that bring
sity of valence-alternation centerdl) that equilibrate with ~about carrier-type reversal in chalcogenide glasses, namely,
[A*] during glass transition, and remaining constant in theBi and Pb, are 0.45 and 0.B1L0™ % cm?, respectively>
range of interestT <Ty, has to be determined. The higher polarizability of Pb, compared to Bi, is reflected
Assuming thatn, is small compared tdN,, the defect in the more ionic character of its bond with the chalcogen;
concentrations after the addition of metal atoms into theeach Pb atom donates two electrons, passivating ®e

chalcogenide glass, can be estimated ffom center and creating on@; center** On the other hand, Bi
. N 5 o enters as a Biion, creating only onéC; center. Also, the
[CiT*=VZA" ]+ (No+ L4AT]D)™, (4) electron concentration at thp-n transition threshold, in
Bi,GexSay_x glasses £10'%cm?),?* is about one order of
_ 2 X 2 X R
[C?T]*—_1/2[A+]+(No+1/4[A+]2)1/2- ) magnitude smaller than that for Pb chalcogenide glasses

Here,[A*] is treated as an independent variable for deter{Sec. Il O. L L .
mining [C; J* and[C} ]* atT,. The total concentration of Based on the polarization criterion and from the point of

, o i view of modification of the defect structure, one can expect
VAP's, after the addition of metal atormNg,od is given by that Pb will be more effective compared to Bi in the

Nimoa=[C1 1* +[CIT* =2(N2+ L4 AT1)Y2 () conduction-type reversal in chalcogenide glasses. However,
the present investigation and earlier repbttsndicate that
From Eq.(6), it is clear that the concentration of charged the p-n transition thresholds of Pb-Ge-C glasses and Bi-
additives has to approach or exceéglin order to have any Ge-C glasses are not widely differei@tand 9 at. %, respec-
appreciable effect. The electron concentration after the incoitively). It is likely that in Bi, the band structural effects play

poration of the additive can be estimated from a major role in thep-n transition. The rapid decrease in
CBM (1.5-0.4 eV with Bi concentration(0—15 at. %, ob-
n2(2N§/[A+]+ n)=2[A+]nS. (7) served experimentallf, confirms this conjecture.

) _ _ - In this context, it is also interesting to note that Tl, in spite
When n>2Ng/[A"], i.e., for high additive concentra- of its high polarizability (0.8& 10”24 cm?), is not known to

tions, Eq.(7) simplifies to the form producep-n transition in Ge-C glasses even at concentra-
B ya 203 tions up to 35 at. %° Tl supposedly enters in eightfold co-
n=(2[A"])"ng". (8 ordinated TT sites in glassy chalcogenid®Though one
For lower impurity concentrationsn<2N§/[A+], Eq. (7) would+expect that the positively charged*Tsthou.Id reduce
reduces to the C; centers and thereby decrease the density of electron
traps, no enhancement in electron displacement was noted
n=[A*Iny/N,. (9)  experimentally’® Further, it has been proposed that, in addi-

tion to Tl being incorporated as a positive defect with a sin-
It is clear from the above that a discontinuous change irgly coordinated chalcogen as a compensating center, some
the conductivity activation energy % of original value can fraction of thallium atoms introduce a shallow trapping level
be expected, when the electron concentratiod (S in-  above the hole trapping states; the defect centers that are
creased by the incorporation of charged impurities to eassociated with photoluminescence and photoinduced ESR
threshold valuen,=2N3/[A*]. Fritzsche and Kastner have are different from the trapping centers that limit the hole
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mobility.?® The absence of carrier-type reversal in Tl dopedof electrical resistivity and conductivity activation energy at
chalcogenides may be due to this difference in the defeahep-n transition threshold, due to the change in the electron
structure. concentration. The observamtn transition in Pb-modified
IV. CONCLUSIONS chalg(_)ge_nide glasses has been u_nderstood_ in light of the
modification of defect states by the incorporation of Pb. Fur-
The reversal in conductivity typepén) has been ob- ther, the crucial role played by other features such as band
served in Ge-Se-Te glasses, with the addition of Pb. Markedtructure, polarizability of the dopant, etc., on carrier type
changes have been observed in the composition dependenewersal has been described.
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