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KEWttVORDSi Coulomb gap doped scmiconductori comPensationi irlfrared s,cctroscoβy

ミミ repOrt on the observation of correlated to ran‐

dom distribution of ionized impurities in strO■ gly cOm―

pensated n― type Ge as a functiOn of the dopant cOncen―

tration and temperature l)The transition occurs、 vhen

thermal energy exceeds the COulombic correlatiOn en―

ergy between impuritics,ie,it corresponds to thermral

smearing of so― called Coulomb gaps 2)

Let us flrst deflne the problem of our interest by cOn―

sidering a n―type semiconductor、 vith the conccIItration

of llvdrogenic dOnors(rrD)being tWiCe Of that of hy

drogenic acceptors(ダ ム);FVD=2FVA At suFnciently
lo、v temperatures, one half of ND iS pOsitively charged

(;晦 =靖 )becauSe thelr bOund eLctrons are taken
a Vヽay by acceptors These become negatively charged a■

ter accepting electrOns(JA=ギ 万)The remaining half
Of 7vD binds electrons so that their charge state is neu―

tral(うND=ダ 3)ThおSystem is interesting because
the ionized dOnOrs(D十)can mOditt their distributiOn
twith respect to the nxed pOSitiOn Of ionized acceptors

(ム
~)Via transterring of electrOns bet、

veen neutral(D° )
and ionized(D十 )donOrS Therefore,the distribution Of
the lollized donors can be either randOm or correlated de―

pending on the impurity cOncentration and temperature
For the ctte Of the sunciently high impurity concentra―

tion and low temperatures,the Coulomb gaps have been

probed successft11ly by tunneling experiments 3 5)How_

ever,it is not convenient to perform the tunneling exper―

iment for the 10w cOncentration region(～ 1× 1014cm~3)

in order tO probe the possible transition from the randOm

to correlated ionized impuriけ distributiOns Far― infrared

spectroscopy OF sha1low impurities allOws fOr such prob―

ing tt we demonstrate in this paper For many years the

electric―fleld broadening of the optical absorption peaks

of hydrOgenic-lmpurities has been investigated theoreti‐

cally by ttsuming a randon dお tribution of ionized irn―

purity centers 6)However,it hats been pointed out that

the io血zed impurity distribution at io、 v temperatures is

correlated rather than randon■ in order to rninimize the

tOta1 00ulombic energy of the system,ie,3ormation of

the Coulomb gap takes place 7) The Correlated distri―

bution htt been observed in our previous investigation

using hettily compensated p― type Ce(CaiAs)samples 8)

This work prObes the n― type Ce:As,Ga with the lon‐

ized impurity concentration ttr<1× 1015cm~3 Thein―

set of Fig l shows the absorption spectrum of a sample

h a v i n g  r r っ= 3 0 3 ×1 0 1 3 c m  3 , N A = 1 7 5 ×1 0 1 3 c m  3 ,

i e , p r r ミ2 脚私= 3 5 0 x 1 0 1 3  c n  3  1 t  h t t  b e e n  r e c o r d e d
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Fig l An inset shows As donor ab引 orption peaks recorded at

T=4 K with a sample having刃 1 =350x101Scm~3 The

雅R捕苫品!?;〕瑞iユ魯甘:Si鮮鮮1手温徹ittCギ上品
frame shows the eniarttmenl oFthe ls 2P士 (100 Cm~1)abSor,
tio■peak detclmined experimel■ tally(o),CalCulated assuming

random(□ )and Cor■ ●】fated(△ )diStributions of ionized impuri―
tics using the Monte Cario method S。■d curves are the best nts
to the experimental and calclllated points ttsuning Lorentzian

distributions

at r = 4 K 、 vith a resOlution Of O o26 cm~l in the

、vavenumber range bet、 veen 70 and l10 cm~l  Three

distinct peaks corresPond to excitations Of bOund elec―

trons of As in Ce fron grOllnd state to 2pO, 2p土 , and
3ptt excited states,icspectively The main frame Of Fig

l shO、vs trom bottom tO top the enlargernent Of the ls

to 2p tt transltion peaktt the experimental result(open

CiCL9,MOnte Cano dmulatlon ttsuming random dお th

butlon of lonized ilnpurities(open Squares),and、 fonte

Carlo simulation assuming correlated distribution of im―

purities(open triangles)The SOlid curves are Lorelltzian

its to cach set of data ミ 、 focus on the l伊 2p tt tran―

sitioll only because its line、 vidth is broaden solely by

the quadrupole interaction among a nIImber of electric

fleld broadening mecha■ isms such as linear,and second_

order Stark eIIects and quadrupole interactions Figure

2 shows the full widths at the half mttimum(FWHM)

vs prr at T=4 K The experimental data(nlled circles)

are compared,vith the theoretical linewidths assuming

random(dasShed line)alld COrrelated(sOnd line)diStrト

butions of iOIlized impurities  The excellellt agreemeIIt

between experllnentally determined Fヽ VHヽ 4 and the ran‐

dom theory for rvI<75× 1013 cm~3 is a Clear evi―

dence for the random distribution of ionized impurities

in this lo、v NI reglon ヽ Vhen Arr is larger than 7 5 x 1013
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cm-3,the experimental data lie between the estimates of

random theory and correlated theory This implies that

the ionized impurity distribution is sonewhere betweeII
"cOmpletely randona" and"completely correlated" The

4ヽonte Carlo simulation for the correlated distribution

shown in Fig l has been performed fOr T=OK How―

ever,the measurement was performed at the flnite tem―

perature(T=4K)at whiCh a certain degree of ran―

domizatlon of ionized impurities occurs due to tho flnite

thermal energy ln this c3se we expec↓ the linewidth to

be between the prediction of'completely landom')and
"completely correlated"3_SSumptions Figure 3 sho、 vs the

temperature dependence of the FWHM(口 )fOr a Sam_

ple having rrr=78× 1013cm~3,which is just above the

c r i t i c a l  c o n c e n t r a t l o n . h r c = 7 5 x 1 0 1 3 c m  3  f o r  T = 4

K Fig 3 shows clearly that the FヽVHヽ4 increa_Ses in two

stepsi the flrst gradual increase occurs betweerl T = 5

and ll K and the second rapid increase takes Place above

T = 1 4  K  T h e  s e c o n d  i n c r e a s e  a t  T > 1 4  K  i s  d u e  t o

thermal ionization of donors aAs it l■■atches with the in―

crement of rrr(solid cur屯 )The arst gradual increa_Ae

is due to the transition of the ionized impurity distribu―

tiOn flom correlated to randomi and the two plateaus in

F Vヽ H M  a t  T = 2 - 5  K  a n d  T = 1 1 - 1 3  K  r e p r e s e n t

characteristic F VヽHヽ 4 for the two distributions III order

to support our claim that we have observed the transi

tlon,we shall estimrate the critical temperature(■)fOr

the transition  The energy of the Coulomb gap △  for

three dinenslons is appro(inatelyⅢ
2)

△=c398/2/馬3/2,          (1)

where pO is the density oF states at the Fermi level of the

order

9。=【NDttT,/C2

r is the compensation ratio and rD=(3/4TPrD)1/3 is

the distance between donors Using Eqs (1)and(2),

△ =031 meヽ /haAs bcen obtained for the sample having

P r r = 7 8 ×1 0 1 3 c m  3 i n  F i g  3  T o  n i s t  o r d e r , w e  e x p e c t

晃 t O  b e  O f t h e  s 制限 e  O r d e r ぉ△ , i e , 発 売 3  6  K  i s  w h a t

、ve estimate btted on theory The experimentally found

gradual increぉ e starts around 4 K,in very good agree―

m e n t  w i t h  t h e  t h e o r e t i c a l l y  e s t i m a t e d 島～ 3 6  K  T h e

inset in Fig 3 shows the temperature dependence of the

F VヽHM for samples well below lVIc and well above Prrc

The width ofthe bottom curve(Prr=43× 1013cm~3)re―

mains unchanged because its width is determined solely

締 齢 拭 潜 繊 督 津宅路 』冊 嬰 鎖 、禄3 祥 3 勝

the tell■perature range 2-12K agrees very lvell with the

theoretical prediction of the random theOry(the dashed

line in Fig 2) The FWHM ofthe top curve in the in―

set(Ⅳ r=226× 1014cm~3)for the temperature range

showllis determined dominantly by the corre18ted distri

bution because the donor coIIcentration is high enough

fOr the neighboring ionized impurities↓ o interttt with

one another The FM′ HN【 increaAses with the increaASing

temperature because the partial randomization of the

correlated distributioll proceeds

As one can sec in the inset of Fig 3, it takes a■ ex―

J KATO alld K M IToH

tremely sensitive tuning ofゴ VD alld lVA in order to ob‐

serve a clear signature of the transitlon with two distinct

plateaus,e10W the temperatures where lonizatlon takes
place  The precise control of both donors and ttcce,

tOrs haAR been the key for the successful observatlo■ of

random― to―correlated transition of the ionized impurity

distribution in semiconductors

● '

Corrclatcd Distribution

12

10

1 2

11

10

0 9

0 8

0 7

0 6

0 5

4 6 8 1 0 1 2 1 4 1 6 1 8

Telllperature[K〕

酎
諾品城螢服柑騨晩 鮒甜 亀絃酬:
lated ionized impurity concentration as a ftlnctioh oF T ttr this
群樹避性鞘品課1啓析皆2培鱗品報対梶。

t景
18輔ピ

and 2 26× 1014 cm~3(▼ )

1)J Kato)K M Itohi and E D Haller, Phys Rゃ v B G5 (2002)

241201(R)

2)B I Shk10VSkii ttd A L EFros,コ ccじ拘■lc PTo,crιtC3 θすつ。PCど

Se"ico句 ″しctθ～ (Springe卜 Veriagi Bcrin 1984)

3 ) J  G  M t t s e y的 8 d  M  L e o ) P t t s  R e v  L e t t  7 5 ( 1 9 9 5 ) 4 2 6 6

4)M Leceサ aι〕Phys Rev B 60(1999)1582

5)B SandoW Cl oι ,Phys Rcv Lett 86(2001)1845

引監監総 |ミ連玉鴨品ギsttqj批mた。nd l,(い81)
26

8)Kヽ 4 1toh e↓aJiPhys Rev B 53(1990)7797

ｒ
■
ュ
Σ
〓
と
Ｌ

0             1x10Ⅲ          2x194          3x101・

lonized lmpurity Concentration[cm・ 〕

Fig 2 ExPerimentally determined Fヽ VHM(nlled circles)vs Nr

at T=4 X The dashed line is the predictio■ based on a ran―

dom distributiorl oF ions while the solid line ls the Prediction

btted on a correlated distribution oF ionized imPurities at zero

temPeralure
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