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Electronic States of Copper-Related 
Impurities in Germanium 

AI-nong tlicl inipusitic-s i(llat,t-tl to tlecp 1c:vc~ls i i i  g ~ r -  

iiiaiiium! coppcr is prol)íil)l~ t,lic iiioht iiivt,st ibiit ccl un-  

clcr ai1 cxpc:riiiient.;il poiiit of \ricw cliis to it.s uiiavoid- 

a l ~ l e  tliffnsion iiito iiiost of saii-iplcs tliiriiig I i c ~ t t  tren.t- 

iiients. I t  has b ~ e l i  Iiiio\\.ii t,liat c~loctsoiiic sta.tcs liavc 

Ixen int,rodiicc?d into the forl~icltleii hantl of oiigirii~lly- 

piirc gerinaiiiuiu ~vIi<:ii this iiiat.c.rial is qiieiichcd froril 

higli t,eiiip(:ratrire. \?71i(~ii tlio qrrc-ncliotl tc>riipcratiire is 

a l~ovc (iOU°C: t.liere a.rc. dcty lm~3ls arising froiii coppcr- 

relntrd defect.s['-"I. It lias I ~ c m  agiecd, siiice tlie 

worlí of I\óotlhiiry and ' I ' y~ (~s [~] .  t.hat siihstitirtio~ial 

(:opper (Cu,) iilt.ioclucc>s t lirec dcep a.ccqt.or levels iii 

Ilie I~antl gap of gerrnniiiiirii placetl a t  E, + 0.04 c\;! 

E, + 0.32 cV. ancl E,. - i).% r.\!. Iii adclitioii t.o 1.liat: i t  

lias heen agr~ct l  that  inipurity ral~itl cliffiisioli is cliic, 

to singly ionized iiitcrst if ia1 co1,1~(~r~.71.  Recc.iit ly. it. 

has Ixeii obserwtl t.1iroiigli t l t ~ p  I t w 4  tiaiisieiit spcc- 

t.roscopy (1lLTS) aiitl IIaII 1iic~a.siirenic~iitsI4J tiro hole 

trap levels in heat.-t,reatt:tl gt~rriiaiiiuiii. Tlie eiieigy level 

pliic<\d a.t E, SO.28 c\' lias l,wn suggt:st.cd 1.0 Iiavr, donor 

cIia.ra.ct,er, aiitl t.o be relat~etl t,o iiiterstif.iiil coppc'r i111pi1- 

rity ( ( : ? l i ) .  It Iias a.lso heen assigiied t,he Iwel placed a t  

E,: +.0.00 (31' to I x  rcdatcd 1.0 Cir, - C ~ L ,  pair acceptor 

sta.tc.. It lim Imx propoml tliat this level could he diie 

to  tlw clonblr accept.or stat.c of Cu, impurity perturhed 

I>y the a.(l.ja.ceiit L'u; ion, a.nd so to  h? related t,o the 

t,raiisitioii ( ( > I I , ~ ~ : ~ L ~ - ) - / ( C , ' I L ~ C ~ U ; ) " .  Tlir theoretica.1 

t.ool wliicli has hcen iisecl t,o explain t l ~ e  pair impurity 

sydtem is thci so-calletl ionic rr iodel[~].  

Despite t.he experirnent.al da ta  available for copper 

in gerinariiuiri, there has bem little theoretical work on 

d t & ~ t s  p r o l ~ t i e s  iri gerriiaiiium. .4s the purity germa- 

nium single crystal, with well controlled and ultra-low 

inipurit,y c.ont.eiit: 11a.s úecaiiie available, it is important  

to kilow whcthcr tlie sairie impurities have analogous 

propert,ies rrilat,ed t.o tliff(:rcrit seniiconclilctors. 

'I'he aiiri of t.liis work is 1.0 report on rigor- 

ous sclf-coiisistcnt calculations perforniecl on the Cu,, 

Cui. arid CLL,-CIL; inipurit,ies in germanium hy us- 

iiig t,he iiirtltir~le-scattering Xa t ~ i e o r ~ [ " ~ ~ ]  within the 

fia.iiiework of the IYatson-sphere-terminated molecular- 

cliistcr iiietliod["]. 1% siniulate the Cu, impurity 

t,l-iroiigh a 17-atoiii cluster and the C'ui a.nd C I ~ ~ - C ~ ,  
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impurities tlirorrgli a 27-ato111 cluster. Tlie calcula.tions 

are carried out to the self-coilsisteilt-field limit by iii- 

cludiiig a11 electrons and spiii-polarization effects. Tlie 

sitcs of t,liv impurities, which determine tlie geometry 

configuratixis of t,he systeins, mere chosen by tdting 

in considerztion tlie experimental suggestions. On tlie 

otlier hand, our calculations were performed, for the 

íirst time, to support or not tlie proposed microscopic 

inodels for the centers. The paper is organizecl as fol- 

lows: Iri Sec:. I1 we describe the tlieoretical model used 

by us to siniulate the impurities. Iiz Sec. I11 tlie results 

of our calculations are discussed anJ some inodels are 

proposed to explain the inain features obtained for tlie 

electronic structure for t,he cent,ers. A suiiimary as well 

as our main conclusions a,re presented i11 Sec. 1%'. 

Since that tlie calculations carried out in the present 

investigation are performed witliiri the framework of the 

molecular cliister model, the electronic properties of a 

poiiit defect or impurity in the lat,tice are determined 

from tlic electronic structure of a selected clustcr of 

atoms surrounding the impurity. However, as we m u ~ t ~  

be able to locate tlie irnpurity lcvcls relative t,o the band 

edges of the xaterial, the bulk solid is sirnulatecl hy a. 

cluster of host atoms that will be referred to herea.fter 

as '%erject c1;ister". A defect in the lattice is then sim- 

ulated by a ('defect cluster" which is constructed by 

modifications on tlie ' )erfect c l i i s k r" .  

The one-e1ect.ron Schrodinger eyuation is solved for 

tlie inolecular cluster by using the niultiple-scattering 

theory developed by Johiison and ~later[""I. Tlie 

molecular sell-consistent potential is obtaiiied by us- 

ing thc local density functional theory according t80 the 

exchange-corrcilation Xa approxirnation[lO]. Tlie un- 

dcsirable da1q;ling-bond effect.~ at t,he cluster s~1rfa.c~ 

are avoided bj. adopting the Fazzio et al. solution for 

the boundary :ondition prol,lem[lll. According t,o this 

rnoclel, t,he effects of the dai~gling bonds a.re neutral- 

ized by transferring the filling electrons in these bro- 

ken bonds to a sphere surrounding the cluster (Watson 

sphere). 

The so called Watson-sphere-terminated molecular- 

cluster inodel has been used to investigated severa1 com- 

plex defects in sil i~on['~-l" and the C-H impurity pair 

in gerina,ni~m['~I. 

Tlie clusters utilized in our studies of the impurities 

are schematically showii in Fig. 1 and 2. The "per- 

fcct cluster" in Td symmetry illustrated in Fig. 1 is 

used to study the isolated substitutional copper impu- 

rity in germanium. It comprises three shells of equiv- 

alent atoms. The central atom is surrounded by six- 

teen Ge atorns (four first neighbors and twelve second 

neighbors) in a tetrahedral configuration. The 17Ge- 

atom cluster is adopted with the purpose of defining 

the band edges of the "perfect cluster" which simulates 

the perfect germanium crystal. The "defect cluster" is 

built replacing the Ge central atom by the Cu atom. 

The cluster illustrated in Fig. 2 is used to  study 

thc isolated interstitial copper impurity as well as the 

interstitial-substitutional copper pair in germanium. 

We adopted initially a 26Ge-atom centered at the tetra- 

hedral interstitial site (T) which comprises four shells of 

equivalent atoms. The first, second, third, and fourth 

shells have four, six, four, and twelve germanium atorns, 

respectively. A copper atorn is placed at the center of 

tlie cluster (T-site) in order to simulate the interstitial 

impurity. In this case, the atoms in the cluster are clas- 

sified according to four shells in Td symmetry indicated 

by the numbers 1, 2, 3, and 4 in Fig. 2. In order to 

simulate the Cui-Cu, complex a copper atom is placed 

at. the center of the cluster and another copper atom 

replaces a nearest-neighbor germanium atom. When a 

Ge atoin is replaced by a copper impurity, the symme- 

try of the cluster is lowered to and each one of 

the shells are further divided in cla,sses of equivalence 

denoted by a ,  b,  and c i11 Fig. 2. 
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0 GERMANIUM 

SUBSTITUTIONAL IMPURITY 

Figure 1: Schemat,ic represent,at,ion of the 1GGe $ Cx, cliis- 
ter sirniilating the substitutional copper impurity in gerrna- 
iiium. It  comprises one central copper atorn and two shells 
of gerinaiiiiini atoms, nuinberecl froin 1 t.o 3, in Sd synime- 
try. 

O GERMANIUM 

SUBSTITUTIONAL IMPURITY 

INTERSTITIAL IMPURITY 

Figure 2: Scliernatic representatiori of the 26Ge + Clr, and 
25Ge + Cx,Cxs clusters simulating t,he iriterslitiai cop lm 
i~npiirity and tlie int,erstitial-siibst,it.iit,ional copper pai1 in 
germaiiium: respectively. As a T-ceiit,ered cluster it com- 
prises one central copper atom and fow sliells of germaniiim 
at,oms, iiumbered f r o ~ n  1 to 4: in Td symmetry. By replacing 
a nearest-neighbor germanium at,om by copper tlie symme- 
try is loweretl to  G1:. Tlie atoms in tliis syninietry belong 
to classes of ecliiivalence rvliicli are indicated by tlie labels 
a: b, and c. 

We first start by a.na.lysing t h e  results for t h e  17Ge 

a n d  26Ge clusters which s imula te  t h e  perfect G e  crys- 

tal. Altliougli t h e  relativistic effects have been ne- 

glect,ed in our  calculat,ions! we conclude t h a t  tiie energy 

spect,ra of t h e  "perfect c h ~ s t e r s "  provide a fairly consis- 

l en t  description of t h e  crystal b a n d  edges. T h e  compar-  

isoii between tlieory a n d  experiment  is  m a d e  in Fig. 3. 

T h e  va.lues 1.37 eV a.nd 0.82 eV ohtained for t h e  crys- 

t a l  b a n d  g a p  a.s well a s  t h e  values 10.43 eV a n d  11 .I8 

eV obtained for t11e valence b a n d  wid th  for  t h e  17Ge 

ancl 26Ge,  respectively, a re  in good agreement  wi th  t h e  

experimental  results reportecl by  ~ c ~ e a n [ ~ ~ ]  a n d  Grob- 

rnan e t  a1.[~'1 It is worth mentioning t h a t  these 'kerfect 

clusters" have been used before t o  s t u d y  complex a n d  

isolated iinpurities i11 gerrnanium.[1"22] 

EXPT. 17Ge 26 Ge 
r 

Figure 3: One-electron self-consistent energy spectra of the 
17Ge and 26Ce clusters simulating the electronic structure 
of tlie germanium crystal. The  experimental values for 
t,he germanium valence-band width and band gap are also 
sliown. Tlie zero of energy is placed a t  t,he top of the valence 
baiid. 
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16 Ge+V I6 Ge + CU, COPPER ATOM 

t&dl - 33d 
e Id) 

Figure 5: Scheinatic represeiitation of t,lie impurity lcvels of 
tiie 1GGe + C7ts cluster as origiiiatetl from tlie interaction 
between molecular orbitals of tlie germanium vacancp (16Ge 
+ V) and the atomic copper staks.  The banct edges are 
indicated and the fiill circles represent tlie occupancy of tlie 
levels. 

T h e  interaction between tlie coppcr 4s orbitals and tlie 

a; vacancy states neither rebuilds tlie crystal orbitals 

iior stays vacancy-lilie level. This result permits to  ap- 

ply tlie "cncnncy" iiiodel proposed by ~ a t l < i n s [ ~ ~ ]  to 

dcscribe the  substitutional copper i inpur i t ,~  in germa- 

nium since this center hasically behaves as ' $ e r t w b e d "  

germaniuin vacancy. 

We proceed our calculatioiis t o  take into account tlie 

spin-polarization effects so  as to  verify tiie effective spin 

of the center. I t  is obtained that  the center is descrihed 

by an  4 ~ 2  orbital singlet, implying that  tlie values L = 

O and S = 312 are ascribed to  tlie angular inomentun~  

and spin values of tlie CU, impurity in germani~im,  re- 

spectively. Since three paired electrons are occupying 

a t 2  dangling-bond-lilie levcl and thc angular inomen- 

t u m  of the center lias tlie value L = O, we believe that  

instabilities are iiot expect to occur. Therefore, the 

substitutional copper iinpurity in germaniurn is stable 

with respect to Jahn-Teller (JT) distortions. 

The  first, second, and third acceptor transitions cor- 

respond t o  the capt<ure of onel t.wo, a.nd three electrons 

in the ta  gap level, respectively. These cliarge states are 

sin~ula.ted hy adding electrons in the electronic states 

of the  16Ge + Cu, cluster. The  results of the  simula- 

tion show that  simply, doubly, and triply ionized global 

sta.t,es are described by a 3Ti orbital triplet, by a 2TI or- 

bital triplet, and by an  'Ai orbital singlet, respectively. 

Alt1hougli tliese results indicate tha t  the  impurity is an  

active .JT center wheii in its single or double charge 

sta.tes, we conclude tliat distortions are expect to  be 

sil-iall or absent due to the delocalized character of the 

t z  clangling-bond-like state. 

We evalmte tolie transition states by using the  Slater 

procedure. As we do not have a.n ahsolute reference to  

compare the ionized clusters, the neutral cluster is used 

to  evaluate the first donor and acceptor transitions. 

Tlie singly ionized cluster is used t o  obtain the  first 

a.nd second a.cceptor transitions, and the doubly ionized 

cIusler is used t o  evaluate the second and third tran- 

sitions. The  results obtlained by applying this scheme 

sliow that  the donor s ta te  is placed into tlie valence 

band and three accept,or states are placed into the  for- 

bidden hand. Accordingly, we can conclude that  the 

triple acceptor cliaracter of the substitutional copper 

in germanium is verified even tl-iough distortions are 

iiot taking into consideration. 

Besides the fact tha t  we are not able to  place the 

three acceptor levels together into the band gap, we 

can conclude that  our results confirm the experimental 

i n v e ~ t i g a t i o n s [ ~ - ~ ]  and give strong support t o  say that  

substitutional copper impurity in germanium gives rise 

to  tliree acceptor levels, and tha t  the  different levels are 

not associated with copper a toms a t  different types of 

sites. 

B. Tetrahedral interstitial copper impurity in 

germanium 

The  self-consistent energy spectrum of the  26Ge + 
Cui cluster, simulating the  neutral tetrahedral 
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Figure 6: Seli-,:onsistent oiie-elect.ron energy spect.riinx of 
26Ge+Gui cluiter si~nulat,ing t,he t,etrahedral int,erstitial 
copper iinpiirit:r in gerniaiiiiirn. Tlie full circle indicates 
the occiipancy ~f the level in t,lie spectrurn. Tlie nurnbers 
within parentliesis denote the percentage of charge, nornial- 
ized to one electron, withiii tlie copper iinpurity spliere. Tlie 
resdts for the 26Ge cliist.er are also slio~rii. 

interstitial copper iinpurity in germa.~liurn, is sllo~vn in 

Fig. 6. JT1e are also including i11 t,he figure tlie spec- 

truin of the 2612e clust,er. According t,o t,he results, the 

copper iiiterstitkl impurity gives rise to t-wo resomnces 

lahelled e ( d )  and t 2 ( d )  wliich result from tlie cryst,al- 

field splitting oFtlie coppei 3d oibitals. These levels are 

placed a í  E, - 8.27 eV aiid E, - 8.72 eV, and tliey are 

strongly localiied states mith 75% aiid 72% of cha.rge 

within the impurity sphere, respectively. Anotlier im- 

portailt result clf the calculations is that  C-tii ii~t~rocluccs 

an a i  energy le-de] within Lhe b a ~ i d  gap occupied by one 

electron. This 'evel has a delocalized character, and i t  

is derived from the bottom of the conduction band. We 

cai1 also see tliilt the levels labelled e * !  t ;  and a; liax7e 

a significant percentage of charge within the  impurity 

sphere. The  a; level can be identified as an  interaction 

between tlie copper 4s orbital and the "perfect cluster" 

3al level, ancl the e* and tS orbitals as l e  and 2t2 crystal 

levels which are perturbed by 3d atomic-like levels. The 

above explanation for the impurity molecular orbitals 

can be visualized in Fig. 7. 

26 Ge 26 Ge + Cui COPPER ÃTOM 

Figure 7: Schernatic representation of the impurity levels of 
t.lie 26Ge + Cn,  cluster as originated from the interaction 
between moleciilar orbitals of the germanium crystal (26Ge) 
aiid tlie atoniic copper states. The band edges are indicated 
and t,he fiill circles represent the occupancy of the levels. 

Spin-polarization effects and Slater transition-state 

concept are used in order to obtain the effective spin 

aiid acceptor and donor energies of the center. Ac- 

cordinp to  the results, we conclude that  tlie interstitial 

copper impurity in germaniuin is stable in this struc- 

tural configuration with respect t o  JT distortions. The  

ground state is a.n 'Ai orbital singlet, implyiiig tha t  the  

values L = O and S = 1/2 are ascribed to tlie angular 

moi i~en t i~ in  aiid spin eigenvalues, respectively. We ob- 

tain the donor transition (O/$) placed a t  E, i- 0.12 eV 

a.nd the acceptor transition (-/O) into the conduction 
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bancl. Our results a.re co~isist~ent, with those ol~served 

by Kamiura aiid ~asliiiiloto["]. Tlierefore! it is possi- 

ble to  infer tha t  t.lieir analysis ahout the observed t>ra.p 

with a donor chara.cter a t  E, + 0.23 eV a.s arisiiig from 

Crui is reinforced by our results. 

C. Interstitial-substitutioiial copper pair impu- 

rities i11 germanium 

T h e  eilergy spect ,run~ of the 25Ge+ C I L ~ C ~ I ,  cliister, 

sirn~ilating tlie interstitial-siibstit~itional copper pair 

impurities in g e r m a n i ~ i n ~ ,  is displayed i11 Fig. 8. In- 

cluded iii this figure are only, the sta.tes cleriveíl from 

copper 3cl atomic orbitals as well as tlie gap ailcl tlie a; 

levels. The  results sliown in Fig. 8 indicate t1ia.t the  

overall features of tlie isola.t,ed subst,itutiona.l and inter- 

st(itia1 copper impurity st,ates are not strongly changed 

by the interactioii witli eacli other. Tlie eiiergy levels 

result from tlie crystal-field splitting when tlie symnle- 

try is lowered from Td to  for tlie Cui - Cu, coin- 

plex. Tlie gap levels, wliich appear accorcling to the 

5e%a:(ia: electroilic configuratioi~, a.re derived from the  

substitutional copper daiigling-bond-like i2 level, whicli 

splits into e and a i  levels when tlie synimet,ry is lowered 

to and from tlie iiit,erstit.ial copper «.I gap level. Aii 

iiiiportant information t1ia.t can 11e ta.lien from tlie cal- 

culations is t ha t  tlie highest gap level (6ai) is dangling- 

bond-like. 

The  analysis of our results leads t,o t,lie conclusioii 

t1ia.t the properties of t,lie Cui - Cu, pair ca.n be de- 

scribed hy bearing in iiliiid tliat tlie complex impurity 

Ievels arise from tlie int.eract,ioa bet,~veen the  nio1ecula.r 

orbitals of tlie isolated impurities. We niay conclude 

that  there is no clear iiidication froin the calculations 

tha i  some charge is traiisferred bet,weeri the i rnp~r i t~ies .  

Spin-polarized calculations are carried out witli the 

purpose of determining 11ie effective spin of the cei~ter,  

and the obtained results for tlie gap levels are sho~vn in 

Fig. 9. According to tlie calculations we can described 

the ground s ta te  of the center by ai1 5Ai orbita,l singlet, 

implying that  the values L = O and S = 2 are ascribed 

to  the angular momentum aiid spiil values of the Cui - 

CU, complex in germanium, respectively. Furthermore, 

we conclude that  tlie pair is stable with respect to  JT 

2e 
I a 1  

-:---.--e 
I 8  - 9 

VALENCE BANO 

Figure 8: Impurity levels, relative to the band edges, in- 
ciuced by the pair complex Cui - CU, (25Ge + Cu1Cus) 
in germaniiim as derived from the interaction between the 
inolecular orbitals of the substitutional copper (16Ge + 
Czi,) and tlie interstitial copper (26Ge + Cu,) impurities. 
The full circles indicate the occiipancy of the gap levels. 
Besides tlie gap levels only the copper 3d, 4s-derived en- 
ergy levels identified in the energy espectra of the 25Ge + 
Cu,Cti,, 26Ge + Cti,, and 16Ge + Czi, clusters are shown. 

The donor and acceptor transitions are calculated 

by using t,he same procedure previously described. T h e  

first acceptor transition (-/O) of tlie pair is found a t  

E, i- 0.30 eV and the first donor (O/+) transition 

is pla.ced int,o the valence band. These results are 

also consistent with those observed by Kamiura and 

~ a s h i m o t o [ ~ ] ] .  Nevertheless, i t  is worth rnentioning here 

tha t  the fim1 negative state,  when the (-/O) transition 
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is talieil into consideratioii, is unstable mith respect to 

JT distortions. Despite ttlic fact tha t  distortions are not 

taken into a:count, we can conclude that  the Cu, -CU,  

pair investigated in this work is responsible for the trap 

with accept,m cl~aract~er observecl by DLTS and IIall 

measurernents["], since tlie final stat,e of the accept,or 

tmnsition is quite delocalized and clistjort,ions are ex- 

pected to  be small or absent. 

Figure 9: Eneigy gap levels for tlie 25Ge + CU~CZI, c111ster 
simiilating tlie CutC1iS pair complex in gerrnanium accord- 
ing to spin-polarized calculations. Tlie arrows indicate tlie 
occiipancy of the levels witli iip (1') and dowii (L) spins. Tlie 
total spin S fo. tlie center is also given. 

IV. Summtiry aiid conclusions 

Based on the results obtained in this work we 

propose inicroscopic models to describe the electroilic 

striictures of ihe Cu , ,  C u j ,  and Cui  - Cu,  impurities 

in germaniurri. T h e  models provide a. good explana- 

tion for t.he IILTS and IIall n~easuremei l t s [~ -~]  t,alten 

on copper-related centers in gerinanium ancl tliey a.re 

based on the f ~ t  tha t  tlie copper 3cl-derived states play 

a minor role i 1  deterrnii~ing the electrical, optical, and 

inagiietic prol erties of a11 impurities investigated Iiere. 

For the Cu, impurity it is obtaiilecl tha t  the gap 

level, mhich i: associated with the relevant properties 

of the center, is dai~gling-boild-like. Tlierefore, the sub- 

stit,utional copper impurity in gern~anium gives rise to  

a deep state n the  gap which is due to  tlie broken 

bonds on tlie gerinanium neighbors. In other words, 

i t  is vacancy-like state. Also, i t  is obtained tha t  this 

center is described by an 4 ~ 2  orbital singlet and is re- 

spoi~sihle for introducing three acceptor levels into the 

ba.nc1 ga.p. 

The G'ui impurity introduces a delocalized energy 

level into tlie band gap which is derived from the bot- 

to111 of the conduction band. This level has a donor 

character confirming that  the interstitial copper impu- 

rit,y in gerrna,niiim gives rise to a deep state in the ma- 

t,erial gap. 

For the  Cui - Cu,  coinplex pair in germanium a 

moclel is built based upon the demonstration tha t  the  

electrical, optical, and magnetic properties of the pair 

are related to delocalized states. I t  is found that  the 

neutra1 complex ground state 5 ~ i  has an  effective spin 

S = 2 which is related to  a molecular orbital spread 

out over the entire cluster rather than related to  the  

Coulomb interaction between two ionic charges as was 

p r ~ p o s e d [ ~ ] .  The analysis of our results leads to  the 

coiiclusion that  the properties of the Cui - Cu,  pair 

cai1 be described by bearing in mind that  the  complex 

impurity levels arise froin the interaction between the  

molecular orbitals of the isolated impurities. Although 

our results do not support that  some ionic character 

ca.n be ascribed to the stahilized pair, it is verified that  

tlie pair is responsible for the acceptor transition state 

observed Isy the  experimental r e ~ u l t s [ ~ ] .  
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