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High HoIe Mobitity and High Sheet Hole Concentration
in p-Si/SiGe Modulation Doped Heterostructures Grown by MBE

T. IfiSIilvIA*, C.W.FREDRfI{SZ, G,F.A. TdAI{ DE I,{ALLE,
D.J. GRA\/ESIEI,JN' R.A. \AlI DE''I HE{J\IEL' Al',lD A.A. \zAhI @RKUM.

Philips Researctr Laboratories,
P.O. Box 80.000, 5600 JA Eirdhoven, Ttre Nettrerlards.
rtBccbarge reseaacfter fi:crn Hitachi CRL, To$o, Jatrran.

rt is strcrun that a two-dinensiornr hole gas in a normar p-sirzsi" oG€n ,npdrrlation doped hetercstnrcEr-rre (dopeal layer at surface siael ' sl#;rs "'5
hi$rer hole-nnnifity than tlat in'an irwerted stnrctr-r:re (dopei layer at
strbstmte side) . SIIvtrS irdicates that tlre lq,rer rrnbility in -ttre inver-ea
structure is due to surface- segregation of boron. Ttre influence of segrre-gation iq sr4ryressed by r:sirq a thicker r:rdoped q)acer layer. ^ f5us, the
hole ncbiligy in ttre irnreded stnrctu:re inseasea to Good o"fp= at 2K

"4 3800 qrf Ns at 6 K. A verlr high street, hole concentration 6f Z.8xLO12cm' has been obtained at lcntr gslng a s\.ocfr.a strainedlayer, resultirg in a hi$r cordrctivitlr (6.7x1_0-4 n t) .

c-8-6

rnErss s1lectrunetr1/ (Sn'[S). FUrffrernucre ttre
effect, of qnaer tayer thickrress ard ce
content are considered.

2. ngertrentaf
p-Sirzsice nxcdtrlation doped hetelrc-

stnrctrrres were grcunr on an n-Si substmte
(ptOOO OcIn) kpr nolecrrlar beam epitaqg OAE)
usirq a VG 6-inch wafer qgstemr. Figl,rre j.
shcms a normal arxt an funre*ed trl-
Silsi0.Bcq0.. nndulation dqed hetercstrtrcttue

Norma I Inverted

p-Si: B 40 nm

2

i-Si W.o

i- S io.rGeo., 5o nm

i -Si z4o nm

n--Si sub.

1. Introerst:ion
Recent prcgress in Si//SiGe strained

layer hetelrcepitaqf has enabled ttre grohrth

of hi*r qtnlity p-Si//SiGe rncdqlation doped

he . Previcns papers have
reported on p-Sirzsice/p-Si dor:lc1e npd'lati-
on doped heffi havirg thro sepa-
rated tnp-d!rcnsioral hole gases (2DHGs) at
ttre interfacesl-3. Ihis stnrcture is ad-
vantageor:s in havirq a larrge cordtrctance,
lnrt rnEly suffer frcrn a difference in elec-
trical pr,operties betyeen ttre tr^Jo 2DGs.
Itris phenonrenon is larcnm as trirnrerted in-
terface pncblemrr in ttre n-AlGaAs two-
dfurcnsiornl electrcn gas(2DEE) qgsten in
Trthich only ttre surface-side 2Dre shcrus a
high nobilitya,s. Itre nucdr:lation doped

strtrcture wittr ttre doped layer at ttre
surface side, havfug tlre highest ncbilier,
has beccrne called rrnormal tlprgtt, and tlre
other one, frirnrerted t14)err.

In the present paper, it is clarified
that ttris problem also e><ists in tlre f
Silsice 2DIG qlsten. The origin of tlre
pnoblem is irvestigated by secondary ion

Ng=2'10'tcm
Fig. L Norrnal ard iJnrerted p-Si/S5.sG%.2
rncdulation dqed hetelrcstnrctureE-
oonsidered in ttris study.

i-Si 43 nm

i- Sio.rGeo.. 5o nm

p-Si: B 4o nm

i-Si 2oo nm

n--Si sub.



Triflidr are considered in ttris str:d12. lltre
spacer layer ttrid<rress Wsp is eitlrer 3 nm

or l-0 nm. Itre borcn concenb:ation was

2xl-018 ctrr-3. lltre g:lcffth te[eeJrature wErs

550"C. Rrtherforrt baclccatteriry spectrc-
netry confirmed ttre ccnposition ard
crystalline $Elity of ttre epitaxial
layers.

To obtain a h:i*rer street hole
concerrb:ation, a norrnal stnrctune with a

hi$r C,e-nple fi:action (4Oe", ard a hi*t B

concerrb:ation (5.5x1-018 *,-t) vJas lfitolrrD.

The layer stnrcttre was as follcns:
i-Si (2onn) /p-Si: B ( r.srun) /i-Si (wo:3run) /
i-Sjn.sc% *por\n) /i-Si (200run) /n-Si sulcst::ate.
Ihe ttriclmess of ttre S\.oG%.r, Iayer rires

adapted to naintain comnensurate
pseudorortrJ:ic Arrcvrttr.

1l!re electrical proper*,ies were nea-
sured with ttre conventional ltrall-rran der
Fauly rnetlpd between 4 ard 300 K. B ard C€

profiles were arnlyzed by SIIvLS.

3. ReEuLts and discnssion

3.1 Cqnrison of notmal ard imrerted p-
Si/sio.8Go.2 rc&ilation doped tretcmstnrs-
tures

Figrure 2 strcrus tlre @
dent electrical proped,ies for a norrnal ard
an fuiverted stnrcture with Wsp=3 nm. A 2D{G

betravia:r bemnes apparent belcr,,l 60 K,

becar:se at tlrese tengeraU:res holes iJr ttre
p-Si layer freeze out. Sheet concenb:ations
of two-dinpnsional holes in ttre norrnal type
(N-2IXG) and that in ttre fuveded tlrpe (I-
2E[IG) sahrrate at alncst identical values
(x 1xt-ol2 cnr-2) . Hcnrever tlre hole nobility
of the I-2D{G sattr::ates at a value lq,rer
than L000 cll? 7v=, wtrile that of the N-2D{c

continues to increase to ncre than 2OO0

*?N= with decreasi:rg tenperatr:re. Ttre

nrcst likely cause of ttris difference is
ttrotrght to be strrface segregation of tlre

1.. : i. _^ _;*h
* -i ^r/-*"0^.*"*,',J

Y^'J
-o
t\

ll^(J

t'.
\o.

N.2DHG 
-I.zDHG -

p-Si/Sio..Geo.,
Wsp= 3 nm Ne= 2x1018 cm'3

10' 10'
Temperature ( K )

FLg.2 Electrical properties as a fr:nction
of teneer:ature for norrnal ard inverted p-
si/Sio.aGeo.z .modulation doped
heffi wittt a spacer layer of 3
run thicls'pss.

dryant cttlriry MBE grourtfr6. SIIvxS did not
strour any i:dication of ttris, possibly drre

to insufficient depth resolution. To en-

hance the effect of segre{tation, an identi-
cal funrerted stnrctu::e was gn:crun, in vhictr
ttre p-Si layer was deposited at a higher
tengeratune (690'C) . Dtring a 3-ninutes
grcnth internpt tlre tenper-rtr:re raras lcrue-

red to the nonnal value (550'C) ard g:rohrth

!{as resluned. Ttre SIl"tS profile (Fig. 3) ncff

strcrus that segregation has occured.

Consequerrtly a hi$ street hole concentra-
tion of l-.8xL012 *,-2 is for:nd. Ttre lov.r

nobility of 330 cnrzTvs at 10 K is car:sed by
ionized iileurity scattering. E\rsr dr:ring
continuor:s epitaxial g:ohrth a 550"C sone

surface segregation is unavoidable. A borcn
concentration Ers lcm as l-xL016 cn-3 at tlre
Si//SiGe heterpint-erface is alreadlr
sufficient to reduce tlre hole nobilit/.
Ihe obsenrations urnmbiguor-rsly strqr that
tlre ttirverted j:rterface problem" also
ocists in tlre p-Sirzsie,e 2D{G qlstem.
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Fig.3 ResLilts of SIIvtS analysis on B ard
Ge for a grq^I$r-iJrteffupted irn/erted trl-
Sils\.8ce'.z rpdulation doped hetenostnr,ch:re
wittr a- spacer layer of 3 rrn ttricJsless.

3.2 Incnease of hole ffiility
A thicl<er q)acer layer is opected to

increase ttre hole nnbility by redtrcing

renpte ionized fuq>rlrity scatterirg. Espe-

cially for an in/erted stnrcture, tlre
thicl<er q)acer layer sh@Id also be effec-
tive in redrcjxg ttre effect, of se$ega.ted

borpn. Figune 4 strcnrls ttre electrical pro-
per*ies of an irverted stnrctr.rre wittr a

thicl€r q)acer layer (10 rrn) . Ncnr ttre hole

nnbility still increases at lcnr temg>el:a-

tures, whereas the rcbility for the irver-
ted stnrcture with ttre 3 nm spacer layer
sabrates at a lcntryalue (cf . Fig.2) . The

hole npbility increases W to 3800 crnzfls

at 6 K, ard 6000 crn2lvs at 2 K.

3.3 Increase of sheet bole concentration
Increase of the Ce-rnole fi:action

(40?) increases the sb:ain in ttre SiGe

Iayer. Itris leads to a higrer valence bard
discontinuiQr ( Fn:ZgS neV [1]), ard a

higfier street hole concentration. Fig:re 5

shcrus tlp electrical prqed,ies €ls a
function of temeerature for a normal p-
Silsio.6cq0.4 npdtrlation doped hetelpstrtrcture
with W., -- 3 nm. Ttre satu::atcd street hole
concenb:ation is 2.Bxl-012 crn-z, r.ftich is z.g
tirres higrer than that jx an S\.ec%.,
channel wittr ttre sanp Wrr. The pnodr.rct, of
ttp sheet hole corrcenbration ard tlre npbi-
lity (L500 cnrz^s) results in a verlr hi$l
corductance (6.7xL0-o n-t), hrtrich is tlre
highest reported so far, even wtren conparea

to dor.rble p-Sirzsice nrcdrrlation

p-Si/S

N.2DHG
Y1*= 3nm Na=5.5r1ot8cm'r

I 1o't=o 10" 10' 1o2

Temperature ( K )

Fig.5 Electrical pnoperties as a flurctionof texreemture for an nornal p-Si/
S\.ecfr.a rncdr.rlation doped heterostnrctu:e
with a spacer layer of 3 rm thieJ<ness.
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Fig.4 Electrical pnoper-ties as a flrnction
of te[eeJrature for an irveded p-
Sils\.8c%.z rncdulation doped hete-
nostnrctrlre with a q)acer layer of 1,0 nm
thiclmess.



do@ stnrctu::eJ.
Figture 6 strous eperinental and

calctrlated slreet hole concentr:ations as a
ftrnction of strracer layer thickness at L0 K.

Bottr data fisn Shtrbnikov-de Haas ard llall
rcasurenents EIre depicted in ttre figrure.

Ihe solid f ines rdere calculated usirg ttre
Farg-Hcnnd (F-H) atrproximations ard
apply:.rg a horizontal shift of 2.3 run to
Ia:rger Wrrdirection. It is ]orcnrn that in
the case of n-AlGaAs/GaAs heterostnrctures,
ttris procedr:re yields good agreenent witl
selfconsistent nr-unerical calcr:lations9. A
sirnilar coirrcidence is ope*ea in ttre p-
Si/Sice qgsten becar:se of ttre sirnilarity in
ttre nrcst iJrpo*ant par:ameters suctr as bard-
gap discontinuity. Ttre cura/es in Fig.6
agree quite well with operinents,
irdicatirq ttre validity of ttre sirple
rrethod. Ttre figure irdicates hcw effective
ttre ixffease of tlre c€ fi:action in SiGe

ard of ttre borpn oncent::ation in p-si is
to incrrease tlre street hole oorrcentr:ation.

p-Si / Sir-rGer

F-H crlc. r
2.3nm ehift

X = O.4O. lEv:296 meV
N. - t{. :5.5 x 10r cm'r
Er= 1O mcY

.l sctt. t-a x )

7 X = O.20. lEvr 148 mcV

Z1 N,-l{r=2rlor'cm'r
\ Er=3O msV

sdH. 2.O X )
10K

o N-2DHG
o I-2DHG

o6

Ws' ( nm)

Fig.6 Corgnrison of neasured ard calculat-ed
street hole concentr:ation as a fl.urction of
tlre strncer layer thiclmes= Wsp.

4. gl.lmtary

Ttre hole ncbility jx a nornnl VSi/-
S\.acq.z rxcdrrlation doped heterostnrcture is
hi$rer than that in an irwertd stnrctr:re.
Ihe lcnr.er nobility in tlte irvetred
stnrcture is rpst UJ<ely caused by surface

segregation of B. Itre hole ncbility in tlre
irryerted stnrcture is inprcnred by i::-
creasing ttre spacer layer ttriclmess Lo l-0

rrn. Hiqh hole rrcbilities of 6000 crnzlvs at
2 K ard 3800 .r',Ffl= at 6 K are obsenred.

A very high hole concentr:ation of 2.8x1-012

cr,r-Z is obtained by increasirg ttre Ge-rncle

fi:action in thre SiGe }ayer to 0.4. Ttre

strtrctr:re strcrus record values both in shreet

hole concentration at ttre si:rgIe hete-
roint-erface and in corductivity.
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