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Cyclotron Resonance Investigation of Multi-Quantum-Well
Heterostructures GelGer-,Si,

V,ys,Atcchldr\ N.A.Bokln, l.V.Bruf€cva, V.f.Gawilelko, Z,F.Krasi[nik O.A,Kuznefdv, M.D,I\doldi\rtkffya,
V,VN|l<ouorw, L.V.Paxemonov ond V.M.Tsvctliov

Insttrxla for Phltlcs otMlaro$ractutt,t ofRt4'fitan A@&hV of,$clancz$

46, Uudnov Sl., 60i6N, Nlttmy NovBt rod, Rug$td

CYclotron rcsonancc ooctra of 2D holcs h Etrained MQW hctcmflructutlt WGal-*Si* rvut lnvefllgntcd. Thc holo

cyclotron ltrar8 inerer$ fi,om mor 0.0710 in the undopcd mnplor o mar 0.2m6 tn sclccdvoly d@ hotltortnrtttler
rcrultlng frorn thc *rong nonporoboliorty d th6 Gn fgy rpoctturn wls olt6cn€d. ln strong clecdc f,eldt up to E .r 300 V/cm
tho onormous (up to {00%) drlft of lhg Ebrodption linc 1o highar cfioctivo tno$ to8ron ft?t r$Eslad thqt gortlGponde to the
dynamlcal lrcrdng of thc cffrlctr up 10 Ts > 200 K,

I. INTROITUCTION

The paper deals with the eyclotron fcsormncc (CR)
inve,rtigation of both dopcd and undopod mrilti"quflntunr-
wcll O{Q\V) heterostruffiures Ge/Ge1-*Sl* (x cr 0.1, d 5
U00 A) grown by CVD tcclurique gn rnoderately doped

Ge(l l l) substrale$ (proorlc 40+4.5 fl'crn). In thie
hctmosystom qunntum wells in ths vslence band nre
realized in the pure gprmanfum laycre whlle thc cncrgy
structure of the conductance band is not quite clear yet,
The'peculienty of tlre lreterostructures Ge/Ge1-,(Si* is the
clast.ic dcformation rosufting ftom tho mismarch of lattioe
periods of Ge and GeSi. The uniaxial part of the
dofornration which oofrolponds to thc ttrctching lcnsion
Peouiv results ln the valenoe bnnd splltting. Earller we
luvb obsorvod the CR absorption line of high nrobility.light
2D holes In the split valcnoe band in Ge lnyersll and
revenled the electric field effec{s on the hole syeter#). In
this pnper we report the first CR measurc-nrents in
sefoctively doped MQW stnrcturcs arrd tho firrthu
investigation of hot holc CR. Thc rcsults obtained are in a
good agreeilrent with the oatculations of 2P hole energy
spoctra,

E CYCLOTRON RESONANCE IN UNDOPEI} ANI}
SELECTII'ELY ITOPEI' IIETEROSTRU CTURES
Ge/Ge1-*Si*

Tlpical CR spectrn of photoexoirod carriers in the
undop€d Btructures are prcsontcd in Fig.l (enmple #306).
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Thc position of the lrole CR lige oorreqronds to the
ef'foctive mass m"c 0.0?m6 1p r 105 cmzA/.s);.tho alec{mn
CR lines wero not observad in the spectrfl. Theorettcal
calqilations of tlrc energy spectra give tlre negligible value
of the coilductanoe band o{fsgt (it seems to be tho reason of
the absence of the electron CR lines) while in the valence
band the depth of tha guannun woll is about 100 rneV. Tho
holc cncrgy $octrum in the quantum lvcll ls glven ln
Fig.2. Tlre pronouncad nonparabolicity of thc cnergy-
tlromcnnrm law ls clcarly seen. The calculated effective
ma$8 value m*e 0.06nh st the bottonr of the lorvest
subband (Fig,3) is in a good flgrscmcnt wfth the observed
cyclotrorr mnEB of holee.

CR experinrents witlr lhe scloctively doped structult
#123 with degenerated 2D holc gas (nror 2'tOf l sm'Z, ft.FB
I meV) showsd thc incrcase of the hole syclotroil rnasl up
to rn eu (0,09-0,1)m0 resultlng ftom the abqve nenpflrfl,
bolicity of thc Bn€fgy.msmBntum law. Tlrc m0fl$urcmon$
wcrc csried out both in millinrctcr (MM) wavelength
rmrye with thc backward wave tube oscillator (Fig,4) and
in mbmillirneter rogion with FT spectrometer BOIVIEM
DA3,36 (Fi9,5,6). It should be pointcd out that the doplng
also regults in eome ircreasc of the hole mattering rates up
to u = l-1.5 TIIz in comparieon wlth u = 0.3 TIIz in thc
undoped sanrple at'E = 0 (Fig.l), Thc incrca$ of the hole
conccntration up to n* r ?.101I cnf2 leads to the {brthor
enhanccnrcnt. of the effectlve mass valrrc (Flg,T,E, earnple
#355, 6p*r lE rnev, illc*0.18'O.20n5;, Though CR abmrp-
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Fig.l.CR Ellectra of plromoxcircd hotes in tlre

undopod eamplo #306 (dOW- 200 A) in
d.c, elootric fields; ?v=2.1lintn, T=4.2 K.

Wavo voctorf 1o6om'l
Fig.2.Calculnted 2D hola enorgy spectra in the hetcro-

strusture Ge/Go1-*Si* #306 (deW- 200A, x.=
= 0.12, k ll [1121, Pcqrriv.= 4 kbar).

917



Bnergt, meV
Fig.3. Energy dependenoe of hole cyclotron re-

Eonancc rnflEs In tho lowcst eubbaild hhl
(Flg.2)l eample #30G.

tion in Flg.4-t lr rufrrclently "tcreened" by plarma rcflcc-
tion in tho hotorostruetutoe (sarnplee #l?;l and #3S5 ilcon-

tn{nrf 15 and 6 laycrr of 2D hole gnr corrcsF)ndingly) the
romarknble inorcase of thc offcctivc holc mass with thc
cnergy ir qulte evldcnt (to imprwc thc accuracy of thc
mass moasurcmcnt.s it is nccessary to use the elnrctures
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cm-r) at nearly circular polarized MM radia.
tion; T = 4.2K.

with l-2 layan of dcgcncrfltod ?D hole gas), Tts obssrvcd
mass inrcase oorresponds fairly well to the rcsulte of the
theoreticnl cnlsulations (see, for cxa.mplo Fig.?,3) lhus
allowing to predict the hole fi(k) dispersion larv at different
values of sillcon conrcllr x aild well width dew et leqst for
the lowest subbend.
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Fig.5,6.Nornralircd ffansmission spectra in sclectivcty doped snnrpte #123 (dqq5 tg0 A,1ra 2.1611 ,*"2); T = 4.2K.
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3. CYCLOTNON RE$ONANCE OX'HOT IIOLES TN

STRONG ELNCTRIC FIELDS

T'lro onhancomcnt of the cffcctivc tnass wlth thc dse

of the hole cnergy was also rpvcalpd at ths carier heating

in elestrlc f,elde in the undoped sample #306. This cffect ls

oloatly soon won in d.Q, fictclp abgut fcw V/cm fqr both the
photoexclted holee Ftg. t) and holes produced br lmpaa
ioniuntion of rcsidual shallorv acccptorr Oie.9). In highcr

electric ficlds thc CR experimentt wcre caried out using
pulse technique (Fig.10,11). t1 the lntter case free lroles

werc slso axcited at the irnpact iouization of residual
phallow accoptors in ths hetcrostrustttlt thus rnodtilatittg

the MM-wnve nb$orption in the eample.
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Fig.g.Absolutc moasurcmont$ of CR transffiisslon spect-

rfll $flmplo #306, L = 2.1 mflt, T = 4.2K.
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Tlre obtained absolutc val$es of CR transmission
(1.'ig.9) together with the relative increase of tlrc intcgral
iirtclsity of Cn fine with tlre rise of puleed electfic fielde up

to its saturation at E E 200 V/cm (Fig.l0'11) conttpott'
ding to rhc comploto ignization of shallow aaccptors allow

to aitinute tlre total eoncentratrln of rosiduAl impurities in
thc hct.orostructurs; ns n* 2'l0ll cm4 (por 162 layers of ths

strusturc) that tougbly ooJrespollds to tltc volumc

concciltration n nr 3'1014 cln-3. The tcchniquc uscd makce

it possible to estinrste the biuding enerry 69 of ecceptop

conteffi in quantum-wal I hoteto$nrclllres Ge/Ge 
1 -*Sl*, Be-

cauge of rrdiabntic heatlng of the sanrple (together with the

nrbstratc) during lhe slrong slcc{.tic flcld puhc lt's tcmpctn'

ture increnrcs signlftmntly over 4.2K tlrrt rcrulte ln tho

tlrennoiouization of shallow acceplors behlnd the trniling
cdgc of tho puleel). Measuring the iutensity of CR flbsorp'
tion line just aficr thc clcctric ffeld pulee 0s a function of
the dissiprrted Joule flrcrgy and taking into aooount thc

lcmpcrat.ure dependence of the specific heat of ths gcrm&
uiurn rubstrats wc obtain the temperature dependence of
the concentratiou and ostimato 6gx 2-4 meV that iB tufftci'
ciltly snrallcr than itr bulk Os becauee of the $rairt induccd
vslenoc band spli[ing.

ln swonB electric fields a rnsrked CR lino ehill to
highcr effcctive nao$ region up t0 tn.* 0.3m6 at. E r 300

V/cm (Fig.10,ll) was rovcaled that couesponds tq tho car-
rier heating up to Te E 200 K. Thc lstter provcs thc rcali-
z.ation of the etreeming motion of the carriere and lrtdi-
cutel the possibility of the populstion invcrsions of ?D
holes in pfil ficldsjust eimilar tothose in bulk p'Gca).
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Flg. f 0, I LHoh m. spoctrr ltt lhc undopsd rarnple 11306 lt prlscd dcdric ficldt; I - 2.32 mm, T - 4.2 K.
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