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Deep-level transient spectroscopy study of narrow SiGe quantum wells with high Ge content
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We present a detailed theoretical and experimental study of hole emission procepsypenSi/SiGe/Si
structures under the nonequilibrium conditions found in deep-level transient spectrdBdofy) investiga-
tions. We clarify the possibilities and limitations of DLTS applied to quantum-(@W) structures. We report
an observation of the effect of thermally activated tunneling induced by local high electric field on the emission
rate of confined holes. In the limit of high external electric fiEldthe hole emission rate; increases with
according toer=e(0)exp(F2/F 2), where the characteristic fiekl, agrees with theoretical calculations. The
effect of nonequilibrium carrier diffusion is determined from the dependence of the DLTS signal on the pulse
frequency, allowing one to estimate the effective hole diffusion coefficient. Interface roughness scattering,
which controls the carrier mobility in the narrow QW, is investigated. The observed diffusion coefficient
depends only slightly on the width for the investigated narrow SiGe Q@+ nm), but depends strongly on
the Ge contentx=0.3—-0.5 in agreement with theory. A strong increase of the hole emission activation energy
with decreasing nonequilibrium hole concentration gives evidence for considerable fluctuations of lateral
potential, inducing lateral localization of confined holes at low temperatures. We show that interface roughness
is responsible for these lateral potential fluctuatig®9163-18206)08248-3

I. INTRODUCTION emission from the QW, was observed for structures with
x=0.3. Theoretical and experimental results have been pre-
Space-charge spectroscopy techniques, such as admiented concerning the electrical characterizatiorpdype
tance spectroscopy, deep-level transient spectroscofi/SiGe/Si QW's by space-charge spectroscbpyHole
(DLTS), and capacitance-voltage measuremd@y¥), are  emission from the QW region was observed by DLTS on
widely used for the characterization of quantum structifre. n*p mesa diodes for QW’s witlk=0.17, but in the case of
But, DLTS investigations of quantum-welQW) structures  planar Schottky diodes for QW's with=0.25 no evidence
can give rather contradictory results. For example, DLTSwas found for hole emission from the Q¥t was argued
results ofA,,; By semiconductor heterostructuteshave not that in the case of planar Schottky diodes the holes could be
given clear evidence that a direct carrier emission from theswept from the QW region beneath the Schottky contact lat-
QW was really observed. Such a conclusion could only beerally before hole emission across the barrier can occur. A
obtained when the carrier confinement in QW’s was alsdong enough hole storage time in the QW region, so that the
investigated under equilibrium conditions by means of CVhole emission becomes the dominating process, was realized
(Ref. © and admittance spectroscopy, revealing informatiorfor selectively grown Si_,Ge, layer withx=0.17 and for a
on the carrier concentration in the QW and the potential barSi; _,Ge, island layer withx=0.3° Direct hole emission
riers at the QW, respectively. The main problem for studyingwas observed also for planar Schottky diodes mtype
QW structures by DLTS is the lateral diffusion of confined Si/Si, _,Ge,/Si with x=0.33! While the authors of Refs. 7
carriers, leading to the situation that the carriers could bend 10 observed a DLTS peak fo+=0.30, that is broadened
swept from the QW region beneath the Schottky contact latdue to island distribution, the authors of Ref. 11 observed a
erally before hole emission across the barrier can occur. narrow peak for a close concentration ®&0.33. This
This is the primary reason why in DLTS investigations of should indicate that the QW layer in Ref. 11 is planar.
p-type Si/SiGe/Si QW'YRefs. 7—11 a strong DLTS signal The aim of this paper is to present a detailed theoretical
is observed only in the case of mesa strucfiites Si,_,Ge,  and experimental study of hole emission processgstype
island layers® Note that in contrast to thd,, B, semicon-  Si/SiGe/Si structures under the nonequilibrium conditions
ductor heterostructures a very small concentration of deefound in DLTS investigations, and to clarify the possibilities
centers in the QW layer can be achieved for the state-of-thesf DLTS applied to QW's.
art SiGe technology. This simplifies considerably the inter- We have investigated the role of carrier diffusion in the
pretation of DLTS data. QW plane and the effect of local electric field on the forma-
A rather broad band in the DLTS spectrum at lower tem-tion of the DLTS signal. Good conditions for DLTS investi-
peratures, which was assumed to be due to a direct holgations of direct carrier emission from QW could be realized
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for (i) QW structures with low carrier mobility in the QW
layer and/or(ii) QW structures with carrier localization be-
neath the contact region due to specially designed structures.
Further, the possibility of thermally activated tunneling
through the potential barrier due to the presence of a high
electric field must be considered for the DLTS analysis.

A lower hole mobility was expected for narrow QW'’s
with high Ge concentration, presumably because here alloy
and roughness scattering decrease mobility, and therefore it g
should be easier to observe direct hole emission. To investi- i
gate the effect of lateral hole localization in the QW beneath ¢
the Schottky contact, we have used mesa Schottky diodes as %

< ¥
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well as planar Schottky diodes with various diameters. The 300nm  P-Si

effect of roughness scattering on carrier mobility in the QW
is one of the dominating mechanisms for QW's. o

Up to now, it has been assumed that scattering should pT-Si substrate
decrease the mobilityw for narrow QW’s according I  canl
u~ddw, wheredgy is the width of the QW. But, we show
that this law is not valid for SiGe QW'’s, where the mobility
only slightly depends onq for doy in the region 2—4 nm FIG. 1. Schematic picture of the mesa WTi Schottky diode used.
according to our calculations.

Our experimental study combined CV, admittance, andsubstrate temperature =630 °C. For the individual struc-
DLTS investigations of narrow QW’s with relatively high tures, the Si_,Geg, layers with different thicknesses of 2 or 3
Ge content fromx=0.3 to 0.5, to obtain reliable data for the nm were sandwiched between 30-nm-thick undoped Si spac-
electronic parameters of this QW structure. These inclilde ers. The SiGe layers were deposited at a substrate tempera-
the acceptor concentratiofii) the concentration of confined ture of T=630 °C. Structures with $i,Ge, layers with
holes in equilibrium and nonequilibrium conditiorsj) the ~ X=0.3, 0.4, and 0.5 were prepared. Finally, a 300-nm-thick
activation energy of the conductance across the QW iand B-doped Si cap layer with a dopant concentration of about
the activation energy of hole emission rate from the QW as 40" cm™® was deposited. The Ge sheet concentration of the
function of the concentration of confined holes and the elecSiGe was determined by Rutherford backscattering spec-
tric field. trometry (RBS). The Ge concentrations and the thicknesses

The theoretical part of this paper deals with a detailedof the SiGe layers for the investigated structures are given in
analysis of (i) thermally activated tunneling of confined Table I. The SiGe layer thickness was smaller than the criti-
holes enhanced by local high electric field, &iid the dif-  cal value associated with strain relaxation by nucleation of
fusion of nonequilibrium holes in narrow SiGe QW layers. misfit dislocations. We did not observe dislocation related

The paper is organized as follows. Section Il describes th@eaks in the photoluminescence spectra of the investigated
sample preparation. Section Il gives experimental detail$Si/SiGe/Si structures. The flatness of our Si/SiGe/Si struc-
and results of admittance and DLTS measurements. In Setires as measured by means of Normarski interference mi-
IV we present the activation energies of thermal emission ireroscopy is equal to that of MBE grown Si, and SiGe layers
equilibrium conditions, obtained by admittance spectroscopyvith X up to 0.5 were flat according to transmission electron
for the QW's investigated. The activation energies are commicroscopy. Further, our samples were grown extremely rap-
pared with theoretically calculated ones. In Sec. V we disddly; i.e., 3 nm takes exactly 10 s to grow. Then the Ge
cuss the effect of thermally activated tunneling on the emisshutter is closed and growth continues. So, no interruption
sion rate of confined holes and demonstrate how this effedakes place during growth, making the possibility of the for-
can be deduced from the DLTS data. In Sec. VI we discus#ation of islands quite improbable.
the effect of lateral diffusion on the formation of the DLTS  Schottky diodes were prepared by W/Ti deposition fol-
signal, and present experimental data on the lateral diffusiolpwed by Al or Pt deposition. The effective areas of the
coefficient of confined holes. In Sec. VIl we consider theSchottky contact wer&=2.4x10"3 cn? and 1.3<10 2 cn?,
effect of interface roughness scattering on hole mobility and
the density of states of confined holes in narrow QW. Fi- TABLE I. Ge concentratiorx and the thicknesslgy of the
nally, Sec. VIIl summarizes the most important conclusionsSiGe layer for the investigated structures.

L~

Thickness of Ge sheet
Il. SAMPLE PREPARATION Wafer SiGe layer(nm) concentratiorx

The p-type Si/Sj_,Ge/Si structures used in the present  T0309 2 0.3:0.02
work were grown pseudomorphically in a modified solid T0312 3 0.3:0.02
source molecular-beam-epitaxyIBE) system VG 80. The T0310 2 0.4-0.02
schematic picture of the structures used is given in Fig. 1. T0307 3 0.4-0.02
The epilayers were deposited or{00) p*-Si substrates, B T0304 2 0.5-0.04

doped, with a resistivity of 0.01-0.42 cm. First, a 300-nm- T0308 3 0.5-0.025

thick buffer, B-doped to about 16cm ™2 was grown at a
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respectively. For the CV and DLTS investigations we also T . . .
used structures in which the thickness of the cap layer was
reduced by chemically etchingurface layer removal up to
100 nm) to obtain an optimal thickness for these investiga-

tions. In order to obtain optimal conditions for DLTS mea- - 101 |
surements, we used a mesa Schottky diode geortegy 1) g 8

such that the $i ,Ge, layer did not penetrate the mesa, but o

formed a buried layer. We have not used structures “mesa ©

etched” down to the QW layer in the present study, as for ; 6

such structuregwith open SiGe laygrwe have observed
unstable DLTS signals.
The DLTS measurements were performed with a com-
mercial DLTS spectrometédDLS-82 from SEMILAB, Hun- 4
gary), and CV and admittance investigations were carried out
using the impedance analyzer HP 4192A.

0.10 0.15 0.20 0.25
X ()
Il EXPERIMENTAL RESULTS FIG. 2. Apparent carrier concentration profik=N(W) ob-

In this section we present experimental results on the corained from 1-MHz CV measurements at different temperatures
centration of confined holes and the hole thermal emissiofQW with Ge concentratiorx=0.4 and thicknessloyw=2 nm,
rate, obtained for narrow Si/SiGe/Si QW’s at equilibrium thickness of the cap laydd =200 nm, height of the mesa=100
and nonequilibrium conditions. nm).

tures with a thinner cap layer. The values of the shallow
acceptor concentratiori$,; andN,, are given in Table II.
For these samples a concentration peak appears iN(¥W§

Here we present the results of capacitance voltage angrofile in the region of the QW, which is related to hole
admittance spectroscopy measurements, which give the cooenfinement in the QV¥82 The concentratiom,, of con-
centration of confined holes and the activation energy of holdéined holes was obtained from th@=C(Ug) dependence
emission for equilibrium conditions. The condition, at which for conditions, where the measurements at lower tempera-
the QW becomes depleted, is found from the CV measuretures were not influenced HgC time constant effects.
ments. The dependenc€ versusUg (Fig. J) for a structure with

The dependence of the capacitat@®n the reverse bias x=0.5 anddgy=2 nm reveals a plateau of nearly constant
Ug was obtained from the CV measurements performed at tapacitanceC*. The plateau between the first and second
MHz. The depth profile of the apparent carrier concentratiorcritical biasesUr, andUg, is related to the hole concentra-
N=N(W) obtained from the dependend@=C(Ug) is tionin the QW byn,=C*(Ugr,—Ug,;)/Ae} whereA is the
shown in Fig. 2 for a thinned sample. TREW) profiles for  diode area anck is the elementary charge. Estimatag
the samples give nearly constant acceptor concentraiigns  values for the used structures and the corresponding tempera-
andN,, in the boron-doped cap and buffer layers above andures are given in Table Il. Because tReC time constant
below the SiGe layer, respectively. To obtain reliable data oreffect in CV measurements at lower temperatures is related
N, theC(Ug) measurements were also carried out on structo the carrier confinement in the Q¥Wye were able to esti-

A. Capacitance voltage
and admittance spectroscopy measurements

TABLE Il. Experimental results of CV and admittance measurements.

Parameters of Admittance
p-Si/Si _,Ge/Si CV results results
dow Nay Naz Ny Ea
(nm) X (10" cm™3) (10 em™3) (10" em™?) (meV)
2 0.3 0.8 1.2 5%1
(44-52 K
3 0.3 0.4 0.9 1.60.2 94+3
(110 K) (66—86 K
2 0.4 0.8 1.3 1.720.2 83+2
(86 K) (56-72 K
3 0.4 0.7 1.1 2.60.2 113+3
(135 K) (79-102 K
2 0.5 0.8 1.5 2.70.2 125+3
(130 K) (90-119 K
3 0.5 0.5 0.9 3.£0.2 1663

(210 K) (123-151 K
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FIG. 3. Dependence of the capacitai@es reverse biakl for

1-MHz measurements at different temperatui®@%Vv with x=0.5, . . 112
dow=2 nm,D=250 nm,h=125 nm, effective area of the Schottky FIG. 4. Arrhenius plot of the normalized frequenigyf - of the

contactA=2.4x10-3 cnd): (a) 25 K, (b) 44 K, (c) 70 K, (d) 90 K, conductapce p_eak. The me_asuremen_ts were performégab.2
(e) 110 K, (f) 130 K, and(g) 150 K. The determination of the V (QW with x=0.3 anddqy=2 nm, D=300 nm).
critical reverse biaseblr; andUpg, and of the capacitance value o )
C* is explained. The characteristic reverse Hiffsis also given. ~ tion. The values of the activation ener§y obtained from
the Arrhenius plot of /TY? and the corresponding ranges of

mate the minimal reverse bids%, at which the QW be- conductance peak temperatures are presented in Table II.
comes depleted, from th€=C(Ug) relation measured at
various temperatures. B. DLTS measurements

Figure 3 shows two regions of reverse bias, for which
the dependence @(URg) on the temperature is qualitatively
different. In the regiorJg<U}% the capacitanc€(Ug) de-
creases strongly at lower temperatures duR @time con-
stant effects, but in the regidiir= U} the C(Ug) curves do
not deeend' strongly on the temperature. Thus, we can esRi/'erse biadJ} , at which the QW becomes depleted. This is
mal'ieUR (Flg"/g"e /Si struct ith a 300 thick the biasU% , for which the electric field has only a minimal
Iaye?;r?;;n :alccl:egtorl C%L%%ﬁ{f;mv;' ofaabout-g?7-crlr1(:‘3 CaPeffect on the hole emission probability. For t_his_ conqlition,
1 ' we performed DLTS measurements on the Si/SiGe/Si struc-

th_e SiGe layer is Iocate(_j in the r_leu'gral regionit=0. In tures using planar Schottky diodes as well as mesa Schottky
this case, from the equivalent circuit for the space charge

; . . . diodes(Figs. 6 and Y. A strong DLTS signal of peak ampli-
region of the thottky diode with t.he QW in the neutral tude AC/C, related to hole emission from the QW, was ob-
region, one obtain€, and G, (capacitanceC and conduc-

tanceG measured in a parallel equivalent cirglas a func-
tion of C4, C,, G, andw=2=f, whereC, is the capacitance —

Here we present the experimental results of DLTS mea-
surements, which give the dependence of the activation en-
ergy of hole emission on the hole concentration and the elec-
tric field for nonequilibrium conditions.

We performed DLTS investigations at the minimum re-

of the space charge region of the Schottky dio@g,the 120} 1

capacitance of the QW, an the conductance across o

the QW™ A maximum in G,(T) appears atG* %‘00 I 0.4 !

=27f(C,+C,). The temperature dependence of the con-

ductanceG of the QW is given b¥ 8ot 05 I

x=0.3
G(T)~T % exf — (eUp+ Eyp—Er)/kgT], oor 1

wherev, is the QW capture velocity, U, the potential bar- __40r ]

rier, E,;, the valence-band edge of the Si barrier, &pdthe ol

Fermi level for holes. Hence, the resonance condition for the 38 20r i

maximum in G,(T) determines the activation enerds,, © ol S

which can be obtained from the Arrhenius plotfgf/2. 20 40 60 80 100 120 140 160 18
In Fig. 4 an Arrhenius plot of /T2 is presented for a T(K

structure withx=0.3 anddqy=2 nm, giving an activation

energy of E;=51 meV. Figure 5 shows th€(T) and FIG. 5. Temperature dependence of the capacitdhdepper

Gp(T) curves measured for structures widfy=3 nm and  pane) and the normalized conductan@w (lower panel for a
Ge concentration=0.3, 0.4, and 0.5, respectively. The step- measurement frequendy=1 MHz for 3-nm-thick QW's with dif-
like change inC(T) and the corresponding peak @,(T)  ferent Ge concentratiox: (a) 0.3, (b) 0.4, and(c) 0.5.(D =300 nm,
are shifted to higher temperatures for larger Ge concentraa=2.4x10"3 cm?, Ug=0.2 V).
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FIG. 6. Deep-level transient spectroscopy spectrum of a QW FIG. 8. Deep-level transient spectroscopy spectrum of a QW
(Ge concentration=0.5, QW thicknesslgy=3 nm) measured for  (Ge concentration=0.5 and QW thicknesdqy,=2 nm) measured
various Schottky diode structure@) planar Schottky diode with  for a planar Schottky diodédiameter 0.5 mm, cap layer thickness
diameter 0.5 mm and cap layer thickndss=300 nm, (b) planar  D=210 nnm) at the reverse biad);=0.6 V, the pulse bias
Schottky diode with diameter 1 mm ai@=300 nm, andc) mesa  U,;=-0.2 V, and the pulse frequendy=100 $* (corresponding to
Schottky diode with diameter 0.5 mm, mesa height130 nm and  emission rate windove,=220 s ) for different pulse duratiot, :
D=240 nm. The measurements were performed with pulse freta) 0.1 us, (b) 0.5 us, (c) 4 us, (d) 40 us, and(e) 400 us.
quency f=2500 s! (corresponding to emission rate window
€,=5580 s1), pulse duratiort,=5 us, reverse biatlk=4 V and
pulse biasdJ,=3 V for (a) and(b), andU%=2.5V andU,;=1.2 V
for (c), respectively.

supported by the following evidence. We prepared Schottky
contacts with larger contact argdiameter varied in the
range from 0.5 to 1.0 mim These samples produced larger
DLTS signalsAC/C. Figure 6 presents DLTS spectra of
served for the mesa Schottky diodes. For the mesa structuggructures withk=0.5 anddq=3 nm, which were measured
the lateral distribution of the surface potential can keep thevith the same DLTS parametefgulse frequency, reverse
holes beneath the Schottky contact for a longer time whebias Uy, pulse biasU,, pulse durationty,) for planar
switching the bias to the depletion mode. In the case of th&chottky diodes with diameters 0.5 and 1 mm. In order to
planar Schottky diodes, the DLTS signal was much weakerdetermine the characteristic time of lateral hole diffusion, we
with the signalAC/C increasing with higher Ge concentra- also investigated the dependenceAd@/C on the pulse fre-
tion. quency. The results are discussed in Sec. VI.

In planar Schottky diodes the lateral hole diffusion can The DLTS peak shape was observed to depend strongly
decrease the hole concentration beneath the Schottky coon the pulse biall ;. For example, for larger pulse amplitude
tact, and therefore causes a decreased DLTS signal. This (&% —U;) a broadening of the DLTS peak toward lower
temperatures occurs. Figure 7 demonstrates this effect for a
mesa Schottky structure with=0.5 anddg,=3 nm. How-

X]O'Qo L - ever, this broadening, observed for a hole concentration in
the QW larger than a certain critical concentratigjjy,, de-
1r mesa diode | pends also on the kind of structure under investigation. For
o example, thenj,. for the mesa Schottky diodes was consid-
o 2T ) erably higher than for the planar Schottky diodes, and for
< 5L eV planar Schottky diodes with a larger diameter. Therefore,
) U =2.5V this strong broadening of the DLTS peak seems not directly
gl f =2500s | connected to hole emission across the potential barrier at the
1y e =W QW, or hole emission from defect states in the SiGe layer.
x =05 : P T
5L dewre3nmm More I|kely it is induced by a decay of.nonequnlbrlum hole
ov aw concentratiom;, due to hole transport in the QW plane.

50 100 150 200 250 300 The dependence of the DLTS sign®C/C on the width
TK t, of the filling pulse showed that for larga{; as in the case
of the mesa structures, the maximum signal was obtained for
FIG. 7. Deep-level transient spectroscopy spectrum of a QW@ PulSe widtht, of about 0.5us, indicating a fast hole cap-
(Ge concentration=0.5 and QW thicknesdqy=3 nm) measured ture. But, in the case of pla_nar Schottky diodes, i.e., smaller
for a mesa Schottky diod@liameter 0.5 mmh=130 nm,D=240  Values ofny, the broadening of the DLTS spectrum was
nm) at the reverse biad% =2.5 V and the pulse frequendy=2500  significantly stronger for longet,, with t,=5 us at lower
s™1 (corresponding to emission rate windey=5580 $'1) for dif- pulse frequency (Fig. 8. To avoid such influences on the
ferent pulse biased;: (8 0V, (b) 1V, (c) 1.5V, and(d) 2.0 V.  analysis of hole emission from QW's, we have calculated the
The pulse duration walg,=5 us. activation energye, of the hole emission rate; only from



16 804 SCHMALZ, YASSIEVICH, COLLART, AND GRAVESTEIJN 54

x10°2 — x10° ' ' N
0 . Or planar diode
mesa diode s
ar . 1 M \/K250 5! 1
UR =2.5V 0 !
U, =1.2v O ot -1 J
500 s
S 2t x =05 <
< dgy=3nm ) 25005
31 i ~r TP =5us i
A AT g4 f=2500s" x =05
_ L . . . . ) dQW='3nm TP =5NSI dQW=3nnlj
50 100 150 200 250 300 50 100 150
T(K) T(K)

FIG. 9. Deep-level transient spectroscopy spectrum of a QW FIG. 10. Deep-level transient spectroscopy spectrum of QW
(Ge concentratiox=0.5 and QW thicknesdoy=3 nm) measured ~ Structure:(a) Ge concentratiox=0.5, QW thicknesslgyy=3 nm,

for a mesa Schottky diod@iameter 0.5 mmh=130 nm,D=240  cap layer thicknes® =300 nm, and(b) x=0.4 anddqw=3 nm,
nm) at the reverse bia8%=2.5 V, the pulse biat);=1.2 V, the ~ D=200 nm, measured for a planar Schottky diode with diameter

pulse durationt,=5 us, and for different pulse frequendy (a) 0.5 mm. For(@) the reverse bias wdsg=4 V, the pulse biat),=3

2500 5%, (b) 250 s%, (¢) 25 5%, as well as forf =2.5 s with (d) V, the pulse duratiom,=5 us, and the different pulse frequencies

t,=0.5 us and(e) t,=5 ms. (i) 25 s°%, (i) 250 s, and (i) 2500 s* were used. Fotb) the
parameters werdlg=0.5 V,U,=0.2 V,t,=5 us, andf: (i) 25 st
(i) 250 s'%, (iii) 500 s°%, and(iv) 2500 s™.

DLTS measurements with,=5 us. In the following, we

focus only on such conditions for the pulse amplitude, The activation energy,, observed by DLTS for maxi-

for which the broadening effect was not essennal. DLTSmal hole concentratiomy, , is in good agreement with the

spectra me_asured fo_r such condltlons_ at various pulse fr(?/'alue ofE,, which was obtained by admittance spectroscopy

quencied, i.e., rate V\_nndpwseo, are depicted in Fig. 9 for a Tables Il and Il) giving evidence that the hole emission

mesa structure, and in Fig. 10 for planar structures. It shoul

. . om the QW is really monitored by DLTS. But, for smaller
be noted that the peak amplitud€/ C.decreases with lower hole concentration in the QW the activation energy increases
pulse frequency, particularly strong in the case of the plan

Schottky structure. a§|gnn‘|cantly (Table 1ll). This increase ok, is larger for a

h om* in th . d from* higher Ge concentration.
The concentratiom,, in the QW was estimated from, The activation energyE, is expected to decrease for

— 2 3\ _ =1
=(AC/C) (2N W7/L),” with AC/C atf=2500 s~ and tak-  higher electric fields, i.e., for larger reverse bidg. This
ing for the acceptor concentratidw, the acceptor concen- gependence was investigated realizing the same hole concen-

trationNp, in the buffer, i.e.Na=Np,. L is the thickness of  qiqn n* for all Uy, values by adjusting the same value of
the Si layer between the Schottky contact and SiGe layer h R y ad g

. ) . : pulse biasU;. On the other hand, according thC/C
andW is the width of the erlet|on region. Ip the case of the:n\’,‘vL/(ZNAWZ) the dependence of the DLTS peak ampli-
mesa structures the maximal concentratignis of the same

der of itud th flibrium hol rafi tude AC/C on the reverse biadJz, which controls the
orcer of magnituge as the equilibrium hole concentratigi depletion widthW, allows one to also scrutinize the minimal
estimated from C\MTables Il and ).

- : s
According to Ref. 8, the thermal emission rateof holes reverse bias)p at wh|c_h the QW becomes depleted, deter
o mined from CV investigations. We remark that the DLTS
from the QW is given by .
peak amplitude and the peak temperature decrease for larger
er=(2v/fFA)exd — (AE, —E;)/kgT], reverse bias. The slope of the Arrhenius plqt of hole emis-
sion ratee; decreases for largddg, as seen in Fig. 12 for
wherev, is the QW capture velocity, A1 is the thermal structure withx=0.5 anddqy=3 nm, where the parameter is
length A= (242 /mkgT) 2 of holes with massn, AE, is  AUgr=Ug—U}%. The decrease oé; as a function of the
the valence-band offset, aitd} is the confinement energy of electric field F can be found from the dependence of
the ﬂrst_ level. In the limit of narrow QW E;>kgT) thg In[e,(AUR)/e,(0)] on AUg at a given temperaturéFigs.
occupation factorf is one, and thus the preexponentional12 and 13. A linear dependence was observed for the struc-
factor is proportional tor/2. This limit is fulfilled for our  ture withx=0.5 anddgy=3 nm (Fig. 13. For the structure
Si/SiGe/Si QW structures. We have calculated the activatiofyith x=0.5 anddow=2 nm a transition from a linear to a
energyE, of hole emission from the Arrhenius plot of the quadratic dependence was detedtei. 14).
normalized hole emission ratg/T"? (Table Ill). Figure 11 In this section we showed that the hole emission from the
shows the Arrhenius plots of the normalized hole emissiomQw can be really studied by DLTS. This allows us to obtain
rateeT/_-"l/2 for a QW with various nonequilibrium hole con-  the activation energy of the hole emission rate from the QW
centrationny, , which was realized by various pulse blds.  in dependence on the hole concentration for Si/SiGe/Si
The activation energy increases for smaller concentratio@W’s with various Ge concentrations and SiGe layer thick-

ny - nesses.
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TABLE lll. Experimental results of DLTS measurements.

Admittance DLTS results Admittance DLTS results
a (Mme a (Me ny, (cm- a (Mme a (Me ny, (cm-
QW Ea (MeV) E, (meV) v (cm™?) QW Ea (MeV) E. (meV) v (cm™?)
X=0.3 x=0.5
o dow=2 Nm 125-3 128+5% 7.5x10%°
= Qw
dow=2 nm “ 45_%21 " (90-119 K (66-82 K
52 .1x 101
dow=3 nm 94+3 54+3? 7.2x10° (6172_5855 K 5110
(66—86 K (42(;5;&& 1L 172+5? 1.7x10%
(43-54 K ' (78-88 K
6827 3.0¢10° 136+5° 4.4x10°
@ 66 K : (68—84 K
e 4.1¢10° dow=3 nm 166-3 175+5° 1.4x10"
(34 26 K . (123-151 (78-107
N K) K)
b
428i5§ ‘ 9.6x10° 174+ 53 9.9x 1010
04 (46— (81-113
X=0.
K)
dow=2 nm 832 39=5 3.5x10° 190+ 52 6.5x 1010
(56-72 K (37-46 K (90__117 '
dow=3 nm 1133 94+57 1.3x10% K)
(51503595*(} 6.2x10° (102-123
_ K)
(51919;45% 2.8x10° 290+5? 5.7%10°
- (109-129
118+5° 7.0x10° K)
(60-74 bK) 218+5° 7.5x10°
171+5 3.4x10° (95-120
(73-83 K K)
180=5° 4.5x10'°
(82-112
K)

3Mesa Schottky diode with diameter 0.5 mm.
bplanar Schottky diode with diameter 0.5 mm.

°Planar Schottky diode with diameter 1.0 mm. . .
Y the QW due to charge neutrality. As a result, an electric

IV. ACTIVATION ENERGY OF THERMAL EMISSION potential barriee U, appears and some shift of the bottom of
FOR EQUILIBRIUM CONDITIONS the QW and energy-level positions is induced. For the nar-
. . . row QW'’'s under consideration only the first quantization
In this section, we compare the experimental data on aq. <
o . - o evel is populated, even at room temperature. The energy
tivation energies of the hole emission rate from SI/SIGG/S\ ; .
evel E;,and the charge density of confined holes calculated

QW’s with theoretically calculated data. : e ) . ) X
The schematic valence-band profile for p-type by solvmg the Schrdinger's _and Poisson’s equations
self-consistentl§ are presented in Table V.

Si/SiGe/Si QW is given in Fig. 15. The QW’s under s_tud.y For a 3-nm-thick QW withx=0.5, for example, the band
are so narrow that only three levels of space quantizatiogct is 398 meV. and the HH1 level is 84 meV from the
occur for 2-nm QW thickness: heavy hay, light hole  pouom of the well for a populated well with two-
Eyp, and spin-orbit split holee,; s, and for 3-nm-thick QW gimensional concentratiom,=8.8x 101 cm2. In this case,
additional second space quantization levels occur only fofhe potential barrier relative to the Fermi levEE in the
the heavy holesE,y, Energy-level positions, band offsets, parriers, i.e..eUy+E,,—Ef (E-valence-band edge in the
and masses for heavy, |Ight, and spin-orbit Sp"t holes argarrier outside the space Charge reajon is with
presented for all investigated structures in Table IV. Here we:Uy+ E,,—Er=304 meV much larger than the Fermi en-
have used the Luttinger parametexs y,, andy; in depen-  ergy of confined holegr=10 meV (relative to the HH1
dence on the Ge contert, and the band offsetdE,;, level and the thermal energy of 8 meV at 100 K. In Table V
(=AE,), AE,,, andAE,according to Ref. 16. The effective the results are also presented for the case of a smeared-out
masses for the Si barrier are also presented in TabléxlV valence-band discontinuity with a characteristic length of in-
=0). termixingb=0.5 and 1 nm, respectively; for details see Ref.
In p-type Si/Sj_,Ge/Si QW structures the confined 8.
holes in the QW produce a depletion region in the vicinity of Thus, the experimental values of the thermal activation
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FIG. 11. Arrhenius plot of the hole emission rage for QW
with Ge concentratiox=0.5 and QW thicknesdqy=3 nm, mea-
sured for a mesa Schottky dioddiameter 0.5 mmh=130 nm,
D =240 nnyj at the characteristic reverse bidg=2.5 V. The pa-
rameter is the pulse bid$;: (a) 1.2 V, (b) 1.5 V, (c) 1.8 V, and(d)

2.0V, which corresponds to the following nonequilibrium hole con- terface and fluctuations of SiGe allov composition. which
centrationn}}, (obtained from the DLTS peallC/C at f=2500 y b !

s ): (a) 9.9x10% cmi 2, (b) 6.5x10% cm 2, () 2.3x10 cm 2 producgs fluctuatio_ns of Iz_iter_al potential, can also consider-
and(d) 5.7x10° cm™2, ably shift the effective activation energy. It _should be noted
that the effect of the charge density of confined holes on the
energy-level positiorg,;,, is very small for narrow QW'’s
dinder consideration; see Tables IV and V.

FIG. 13. Dependence of the hole emission meon the bias
AUr=Ug—U} (Ug, reverse bias, characteristic bibky=4 V)
obtained for QW (Ge concentratiorx=0.5 and QW thickness
dow=3 nm) at (&) 105 K and(b) 110 K.

energy E,, obtained from admittance spectroscofsee
Table Il), are in good agreement with the theoretical value
assuming a characteristic length of intermiximg 1 nm, but
the confined hole concentrationg , estimated from the CV V. THERMALLY ACTIVATED TUNNELING EFFECT
measurements, are smaller by about a factor of 2 than the FOR CONFINED HOLES

theoretical concentration values. Note that interdiffusion at i ,

the Si/SiGe interface during MBE deposition determines the, N this section we show that the observed dependence of
value of the intermixing parametér and thereforé is con- 1€ hole emission rate on the external electric field can be
trolled by the substrate temperature during MBE deposition€XPlained if thermally activated tunneling is taken into ac-

It should be remarked that the roughness at the Si/SiGe irfoUNt: _ , _ _
The hole densityn,, in the QW determines an electric

e (s 104l ' | o (6 : : . : ,
£ 00,204 06081V ] T ot D’O”‘E‘J’Sd'o‘je T=79K 7
planar diode 1 g —onm ]
x =05 i aw
Ogw=3nm | J e
10°F 68K 7
10%E E - ° p
1025‘ E
T=110K 105K
102 L 1 L 1 !
8 o] -IO 11 -IO] L L L L L L
10371 0 02 04 06 08 1
AUy (V)

FIG. 12. Arrhenius plot of the hole emission rag for QW’s
with Ge concentratiorx=0.5 and QW thicknesglgy=3 nm and FIG. 14. Dependence of the hole emission meon the bias
cap layer thicknes® =300 nm, measured for a planar Schottky AUg=Ur—U% (Ug, reverse bias, characteristic bidg=0.6 V)
diode with diameter 0.5 mm, obtained for different reverse bias  obtained for QW (Ge concentratiorx=0.5 and QW thickness
larger than the characteristic reverse big§=4 V. Parameter is dow=2 nm) at (&) 68 K, (b) 75.5 K, and(c) 79 K. The measure-
AUg=Ug—Uk: @0V, (b 0.2V,(c)0.4V,(d) 0.6 V,(e) 0.8V, ments were performed at a planar Schottky diode with diameter 0.5
and(f) 1.0 V. The pulse biat); wasU;=3 V. mm. The thickness of the cap layer was=210 nm.
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TABLE IV. Results of calculations for the confinement energy positions of heavy Bpjedight holes
E\,, and spin-orbit split holeg,. The band offsets of heavy holaE,,,, light holesAE;,, and spin-orbit
split holesAEg, as well as the masses,,, m,, andmg, are also given.

dow AEy, AE,
X (nm) My, My Mso (meV) AEg, Enn En Es
0 0.277 0.201 0.233
0.3 0.260 0.167 0.203 0 —-103 -—169 (SiGe
—238 —238 —282 (Si barriepy
2 —-102 —-193 243
3 —65 —-170 224
0.4 0.253 0.152 0.190 0 —-138 211 (SiGe
—318 —318 —362 (Si barriepy
2 —-119 —-253 —304
3 —-74 —221 278
—259
0.5 0.245 0.137 0.176 0 —-172 —-253 (SiGe
—397 —397 —441 (Si barriey
2 —-135 —-313 —365
—393
3 —82 —272 —332
—294
field Fo=en,/2¢4e, at the boundaries of the QW, where eNy, D2 2n¥
€ € is the dielectric constant arglis the unit charge, e.g., Uro= (2)

=, 77: .
Fo=7.5x10" V/cm for n,=2.5x10'" cm 2 In the case of 2808 NaiD

DLTS measurements the reverse bidg applied to the
Si/SiGe/Si structures increases the electric field in the vicin-
ity of the QW, and further the DLTS measurements wereHere N,; is the shallow acceptor concentration in the cap
performed at lower temperatures than in the case of admitayer, andny, is the actual concentration of confined holes
tance spectroscopy. for the DLTS measurement, which is usually less than the
In a first step to describe quantitatively the thermally ac-equilibrium concentratiom,, in admittance measurements,
tivated tunneling we calculated the electric figkdin the and which can be controlled by the pulse bldsg of the
vicinity of the QW as a function of the bids, applied to the  DLTS measurement.
structure, i.e., between the point0 (Schottky contagtand In this case, the electric fieléf; (in region 3, which
Zy (the start of the neutral region below the QW¥ig. 15.  determines the emission ragg of confined holes under re-
The following depletion regions are prese(t) in the cap grge biadJg, is found to be
layer of widthD, i.e., 0<z=<D; two regions of spacer&)
and(3), i.e.,D<z<D+d andD +d=z<D+2d; and(4) in
the buffer below the QW, i.eD +2d<z=<z, (d thickness of
the undoped spacer laygr§Ve shall consider the QW with
confined holes as a charge plane, idg,,=0, which gives a
possibility to use the boundary conditions

Qw

[(Fa—Fa)e]=—2

€p€y

wheree, is the unit vector normal to the QW plang, is the

hole density, andge, is the dielectric constant in Sk, and

F 5 are the electric fields in spacers 2 and 3, respectively. The
acting biasUg, i.e., the applied bias plus the built-in poten-
tial of the Schottky contact, begins to decrease the concen-
tration QW confined holes only, if

URBURO(]'_%)' (1)
FIG. 15. Schematic valence-band profile fotype Si/SiGe/Si

where QW at reverse biably.
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TABLE V. Results of self-consistent calculations for the confinement engggy the Fermi energ¥g,
the effective barrieeUy+E,,—Eg, and the two-dimensional hole concentratiop. QW characteristics
were also calculated assuming intermixing at the Si/SiGe interface with characteristic bength

dow d b Na=Nap T AEy,  Eyn —Ef  eUptEw—Ef Ny
(nm (mm x (m @07 em™3) (K) (meV) (meV) (meV) (meV) (10" cm™?)
2 30 03 O 1.5 45 239 103 25 133 35
0 103 0
0.5 15 45 140 25 98 2.3
1.0 15 45 165 76 15
2 30 04 O 1.5 60 319 120 27 192 5.6
0 119 0
0.5 15 60 176 27 140 3.8
1.0 15 60 214 105 25
2 30 05 O 15 90 398 134 32 255 7.5
0 133 0
0.5 15 90 211 32 184 5.2
1.0 15 90 263 137 35
3 30 03 O 1.5 65 239 67 28 168 4.7
0 66 0
0.5 15 65 98 28 139 3.7
1.0 15 65 134 106 25
3 30 04 O 15 80 319 76 30 235 6.9
0 74 0
0.5 15 80 120 30 194 5.6
1.0 15 80 173 145 3.9
3 30 05 O 1.5 115 398 84 38 304 8.8
0 81 0
0.5 15 115 141 38 251 7.3
1.0 15 115 210 187 51
2UgoNas portant energy region of thermally activated tunneling only
3:TA1 two or three levels of space quantization exist in our narrow
QW’s (Table IV). If the QW has ideal mirrorlike boundaries,
\/ 2d\? Na; | Ugr—URgo d and collisions during the time of tunneling can be neglected,
X[ I+ Ny U—RO+ I+5 77} the probability of tunneling is determined by the subband, to

which the carriers belong. For a simple parabolic dispersion
law this depends only on the position of the bottom of space
' 3 guantization subbands, and is independent of the kinetic en-
ergy for motion along the QW. The effect of mixture of

whereN,, is the shallow acceptor concentration in the bufferheavy’ light, and spln_-orb|t holes, which takes place for com-
layer. Because for our structures:1, we get from Eq(3) in plex valence bands, introduces the dependence of the tunnel-

the caseAUr=Ug—Ugo<Upgo, ing probability on the lateral kinetic energy of confined
holes. Besides, in our narrow QW the interface roughness
produces fluctuations in the position of the space quantiza-
_ AUg Uro(1+d/D)7 (3) tion levels. The same effect is induced by fluctuations of Ge
D(1+2d/D) D(1+2d/D) ° content too. This gives us the possibility to disregard the
discrete character of the spectrum and to suppose that the

We find F3=10° V/cm for AUg=2 V, D=200 nm. Our probability of tunneling depends only on the enefgyto

estimation according to Ref. 17 has shown that an electri&/hich the hole is excited. _ _
field of this order shifts the first energy levEl,,, only few The probability of hole tunneling through a triangular bar-
meV. rier of heightE,—E in electric field F is proportional to
However, the thermally activated tunneling induced byexi{—4(E,—E)**(2m*)"¥3heF], wherem* is the average
the electric fieldF in the vicinity of the QW can consider- effective mass for tunneling. The probability for it to be ac-
ably decrease the effective activation energy. Taking intdivated to levelE is proportional to exp-E/kgT), wherekg
account the possibility of tunneling, we find that confinedis the Boltzmann constant. In this way, the emission prob-
carriers thermally activated to an energyless than the ac- ability of holes at energy levét is given by the product of a
tivation energyE,=(AE,—E,y) can be emitted.In the im-  rising and a falling exponential function &:

1 2d
D

F
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er(E, T,F)~exp — E/kgT)exd —4(E,— E)3? to the Si/SiGe/Si structure. This allows us to analyze the
" experimental dependence of the hole emission rate on the
X (2m*)*“/3heF]. (4 reverse bias, and to verify thermally activated tunneling of

. . . . holes in strong electric field.
The emission rate is determined by the optimal en&gy g

at which the total exponent has a maximum:
VI. LATERAL HOLE DIFFUSION EFFECT

1 2

En=Ea" om

heF

— (5) In this section we analyze the role of lateral hole diffusion
2kgT

on the formation of the DLTS signal. A DLTS signal due to
hole emission from a QW can be observed only if substantial
hole diffusion in the QW plane is suppres$dd. the present
work we have realized such suppression by a mesa Schottky

IntroducingE,,, in Eq. (4) we get for the rate of thermally
activated tunneling:

er=erpexp F?/F2), (6) dio_de structure due to the sgrface potential around the mesa,
o S which leads to potential barriers for the lateral hole transport.
where the characteristic electric fiefid is given by In this case, the maximal nonequilibrium hole concentration

F22 2dm* (ko T) %5262 @ n,, , estimated from the DLTS signalC/C, was only a few

c B ' times smaller than the equilibrium concentratigpobtained
and e is the emission rate & =0, ergxexp(—E,/kgT). by admittance spectroscopy measuremdfiables Il and
For m* =0.2m, (m, is the mass of the free electiorand  !II). However, for the planar Schottky diodes a considerably
T=77 K we getF,=4.5x10" V/cm. Therefore, we can ex- smaller concentration;, was obtainedTable IlIl). The non-
pect according to Eqg6) and (3') a strong dependence of equilibrium concentrationsn), were found to decrease
the emission rate; on the applied reverse bias. For suffi- strongly for lower filling pulse frequency; see Fig. 10.
ciently large bias and low enough temperatuiiesour case  Characteristic dependences rjf on the reverse frequency

T<100 K) we have 1/f are presented in Fig. 17.
) To analyze the dependence of the concentrat{pon the
| (eT(F)) _ AUR ) frequencyf, we shall consider the decay in the average hole
€ro D?(1+2d/D)?F2° concentration under the Schottky contact due to hole diffu-

sion during the time interval between two filling pulses. Un-
Figure 16 shows the experimental dependence of thder equilibrium conditions the concentration of confined
emission rate on{Ug)? for the structures withk=0.5 and  holes in the QW plane is uniform and equal rig,. If at
dow=2 nm. The theoretically expected dependencemomentt=0 the reverse biabg, is applied to the Schottky
In(e/ey) AU % is observed fonUr=0.4 V. From the slope contact, the holes in the region under contact undergo a po-
the valueF. can be determined using E@8). We find tential changeAUg,, and therefore the holes can be swept
F.=2.4x10* V/cm at T=68 K andF,=3.0x10" V/cm at  from the QW region beneath the Schottky contact laterally
T=75 K, which correspond to an effective mass of tunnelingbefore hole emission across the barrier can occur. Thus, for
m*=0.1. This value is reasonable as we deal with tunnelinggAUR,>kgT, we arrive at a diffusion problem in the region
of confined holes belonging to light hole and/or spin-orbitO<r=<r,, wherer, is the radius of the Schottky contact,
split subbands. The relation between thg values for the with the initial conditionn,,=n,,, att=0 and the boundary
two temperatures is 1.1; according to the theoretical law Eqconditionn,(rq,t)=0. The solution of this problem for the
(7) 1.2 is expected. It should be noted that for smallaverage concentration under the contact
AUg<04 V we observe a linear dependence
In(e/eg)cAUR, as well as for the sample witk=0.5 and 2 (o
dow=3 nm (see Fig. 13 for which a larger activation en- (nu(t)) = E fo n(r,Hr dr ©
ergy was measure@orresponding to higher temperature of
measurements Such linear dependence according to Egsgives
(3) and(6) should be observed fUg<URgy7 and the con-
stant term in Eq(3’) should be taken into account. Note that (ny(t) « 4 a? Dyt
the characteristic electric fiel&. decreases strongly with Y 2 —7 eXpg — 2|
temperature; see Ed7). In the case of structures with m 0
smaller activation energf,, e.g., forx=0.3 and 0.4E,  where D, is the diffusion coefficient of two-dimensional
was measured by DLTS in a temperature regigge Table holes, andy,, is the mth root of the Bessel function of zero
l11) where the internal electric fieldy=enj/2sqe,, induced  order Jo(z): «;=2.41, a,=5.52. If we take into account
by nonequilibrium confined holes, was itself larger thign ~ only the main first term in Eq9’) we get
and therefore thermally activated tunneling decreases the ac-
tivation energy already at the minimal bitk; . Thus, it is (Nw(1))/Nyo=0.69 exy—5.8Dut/rf). 9")
not a surprise that th&, values measured by DLTS are
smaller for these structures than the ones that were obtained According to Eq.(9") the concentratiomy, is plotted in
by admittance measurements, where the measurements wétig. 17 as a function of=1/f (f is the pulse frequengyor
carried out at considerably higher temperatures. the structures witkx=0.5 anddgy=3 nm and 2 nm, respec-
In this section we calculated the electric field in the vicin-tively. Only the initial region of this dependence gives ap-
ity of the SiGe layer as a function of the reverse bias appliegoroximately an exponential decay,(t) = nj, (0)exp(-t/t*)

99

nWO m=1 «&
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FIG. 16. Dependence of the hole emission rateon the bias FIG. 17. Dependence of the hole concentratighon the re-

AUg=Ug—U§ (Ug, reverse bias, characteristic bid%=0.6 V) verse pulse frequency flbbtained for planar Schottky diode on a
obtained for QW (Ge concentratiorx=0.5 and QW thickness structure with Ge concentration=0.5, QW thicknesslgy=3 nm,
dow=2 nm) at (a) 68 K and(b) 75.5 K, plotted agr vs (AUR)Z, and cap layer thickned3 =300 nm:(a) diameter 1 mm(b) diam-
eter 0.5 mm, andc) on a structure wit,x=0.5, doy,=2 nm, and
with characteristic time*. We argue that this is due to a D=210 nm for a planar Schottky diode with diameter 0.5 mm.
strong decrease of the diffusion coefficiéht with decreas-
ing hole concentration. Therefore, a characteristic tihe limited by interface roughness scattering for SiGe QW with
was only obtained from the initial slope. From this an  X=0.4 and amplitude of roughneds=0.5 nm have given a
effective diffusion coefficienD,=0.02 cn?/s was estimated mobility x=200 cnf/V's for QW of thickness 3 nm, and
for the structures wittx=0.5 anddqy=3 nm in the case of ~correspondinglyu should be one order smaller for 2 nm.
planar Schottky diodes with diameter 0.5 mim,=0.01  Experimentally we did not find a great difference in the dif-
cm¥/s was found for the structure witk=0.5 anddgy=2 fusivity, being related to mobility, between the investigated
nm. Such small values of the effective diffusion coefficientstructures with thicknesses 2 and 3 nm, for example, for Ge
should be connected with the presence of great fluctuatiorgontentx=0.5.
of lateral potential in QW’s under consideration, as discussed The law u~d@,, was observed experimentally in GaAs
in the next paragraph. QW layer$? for the electron mobility in selectively doped
To substantiate the role of lateral diffusion in the forma-N-Al,Ga, ,As-AlAs-GaAs-AlAs structures, with varying
tion of the DLTS signal we have prepared Schottky diodeghicknesses from 4 to 7 nm. In Ref. 21 the charact.eristic
with various diameters. The concentratiaf increases with Parameters, i.e., the height of roughnessand correlation
larger diametefTable I1l). However, the characteristic time €ngthA, which are usually introduced to describe the inter-
t* does not change as strongly as expected from(®y.We  face roughness scattering, the valuas-0.28 nm and
estimated from the initial slopg*=5x10"3 s™* for struc- A=5-7nm were obtained by fitting the _moblllty dependence
tures withx=0.5 anddqy=3 nm and diameter 0.5 mm, and on the QW thickness. Note that for this structure the band
t*=6x102 s ! for diameter 1 mm. We argue that this is offset between GaAs gnd AIAs.is' 1.2 eV, and therefore' the
due to a strong dependence of the diffusion coefficinon theoretical appro>_(|mat|on of |n6f|n|te_zly Ia_rge barriers, which
the hole concentration, which is also not uniform under theV@s used to obtain the lag~dg,, is valid. _
Schottky contact. Such a strong decreas®gfwith lower However, for narrow QW's in the general case this law
hole concentration could also explain the discrepancy beshould be modified. Actually, there are two limiting analyti-
tween the experimentally found dependencenffand the cal expressions for the lowest space quantization legel:
expected single exponential decay. the infinite-barrier model

ﬁZ T 2
VII. INTERFACE ROUGHNESS SCATTERING EFFECT Elzm (d_> ; (10)
W QW
In this section we analyze the role of interface roughnes%i) for ultrathin QW
scattering in lateral mobility of holes confined in narrow '
Si/SiGe/Si QW'’s, and demonstrate that the experimental re- m2d2
sults on lateral diffusion are in qualitative agreement with E,=AE,— W—Q\;V (AE,)?, (11
theoretical considerations. mp2h

The interface roughness scattering is usually consideregtherem,, andm, are effective massein the direction per-
as dominating for narrow QW's because the mobilityim-  pendicular to the QW planén the QW and barrier layers,
ited by interface roughness was assumed to decrease WitBspectively, and\ E, is the band offset.

QW thicknessy, according to the law:~dg,y (Refs. 18— Equation(10) can be only applied if the QW powaey is
21). For example, the theoretical calculati6hsf mobility ~ much larger than unityw is defined as
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ZmWAEUdéW A=0.28 nm andA=7 nm as in Ref. 21. The same estimate
W= — Gz (12 performed for structures witk=0.3 anddgy=3 nm gives
an occasional potential of about 20 meV.
The opposite limiting case corresponding to Etf) oc- Actually, in our experiments the activation enetgy in-

curs if w<l. Note that in experiments of Ref 21 Creases for lower concentratior, of confined holegTable
3.5<w=6.1, but in our experiments 5v<2.9. [I1), where the larger deviatiohE, was observed for higher

To describe the interface roughness scattering, the scatte2€ concentration. The value afE, is in reasonable agree-
ing potential&V(r) is introduced by ment with the estimated enerdyr(eg). Thus, at low tem-

peratures we deal with confined holes located in occasional

JE, potential wells induced by roughness, becaug ) > ¢ .
A(r), (13 Thus, only a small part of confined holes, which have an

energy above the percolation levgl, can take part in lateral
whereA(r) is a random modulation of the QW width,\,,  transporf>2 For estimation, we assumg to be about 0.5
which changes the position of the subband levelss a  of the amplitude of occasional potential, e.g., for our struc-
vector in the plane of the QW. Here only the first subbBAd turese, is in the range from 10 to 50 meV. In this case the
(E;=E,ny is under consideration. The roughness is characeffective diffusion coefficient is low and has a thermally ac-
terized by two parameters: the average heigylaind the cor-  tivated temperature dependence
relation lengthA. For a Gaussian distribution function of the
roughness we have

oV(r)= dow

Dp=Donexd — (e~ &r)/kgT]. (16)
(14

1\ 2
(A(r)A(r’)>=A2exr{—(%) .

The percolation levet,, i.e., the “mobility edge,” sepa-
rates nonlocalized states from the tail of localized states,
where the density of statgse) decreases with smaller en-
ergy e(e<g.) according to the law

This approach is only justified iA is much smaller than
the QW width. The Iawu~dgw was obtained from Eq$10)
and(13), that is, in the limitw>1, and assuming an average
scattering matrix element, which determines the relaxation
momentum time, i.e., mobility, is proportional to gc—e\’
(aEl/(;dQW)*Z_ P(S):P(Sc)exl{ _( . )

In Fig. 18 the calculated value fd@E;/ddgy) is pre-
sented as a function of the QW width,y for different Ge
concentrationg, e.g.,x=0.3, 0.4, and 0.5, as well as for the
two limiting approximations. Since the mobility should be
proportional to(aElladQ\,\,)’2 we find that the decrease of
mobility from dow=3 to 2 nm is only about a factor of 2 for
all considered Ge concentrations. A similar reduction in mo S
bility is expected by changing Ge content from0.3 to 0.5,  2ecause the upper energy level populated by nonequilibrium
We suppose that our data demonstrate the importance of ifi©l€s iS determined by, . o _
terface roughness scattering for QW’s under study. Further, the appearance of small activation energies of a

As a next step we will determine the change in density of W t€ns of meV in the DLTS spectra, suggested by the
states of confined holes due to interface roughness. The"ong DLTS signal at low temperaturesf about 30 K; see
single-particle relaxation time of holes with kinetic energy F19s- 7 and & could be related to a thermally activated hole
&,22which determines the density of states of disordered condiffusion out of the Schottky contact region. At these tem-

fined holes in the lowest order of roughness-hole interactionP€ratures the characteristic rate of the hole diffusion process

; 17

where the indexv is of the order of unity for almost all
theoretical model®

Therefore, a strong dependence of the effective activation
energykE, measured by DLTS as well as one of the mobility
of confined holes on the concentratinfj should be found,

is given by is assumed to be in the range of the emission rate window for
the DLTS measurement. In this case, a strong dependence of

1 [7mA2A [ 9B\ 2 the diffusion coefficient on the confined hole concentration

(2 N2 77 (adQW ) (15 gw could explain the observed broad DLTS spectra; see Fig.

wherem is the effective mass for lateral motion at kinetic  In all samples, the deviatioAE, is in reasonable agree-
energy . Note that in the case of momentum relaxationment with theoretical estimation. However, the largest devia-
time 22 which determines the conductivity, E¢L4) should  tion has been observed for structures with0.5 anddoy=3
contain an additional factdi?/2me A 2. nm, but theory predicts the largest value for structures with
In order to obtain Eq(15) we have neglected the screen- x=0.5 anddqy=2 nm. Maybe this fact is connected with the
ing effect produced by confined holes. The enefigy(eg) appearance of Ge clusters.
(calculated at Fermi energy=¢g) gives an estimate of the We have also calculated the input of alloy scattering in
fluctuation amplitudes of occasional lateral potential. Ofthe mobility for samples under investigation by using the
course, this estimate is very rough, because the electrosame approach that has been applied in the case of interface
electron interaction, which is very important for a disorderedroughness scattering. The results show that alloy scattering
two-dimensional carrier g&s;?* is not taken into account. may be important only if clusters of Ge atoms appear. Note
From Eq. (15 we obtain fordow=2 nm andx=0.5 at that a strong decrease of mobility due to clusters was ob-
er=10 meV a valuefi/n(ex)~100 meV, if we assume served in a bulk SiGe alloy with small Si contént.
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0.20 der low electric field and for higher nonequilibrium hole
concentrations are in good agreement. This indicates that in
this case, the influence of the local electric field is not essen-

— 016 tial, and therefore the activation energy can be used for the
E determination of the band offset.

° 019 The observed strong increase of the activation energy
= with decreased nonequilibrium hole concentration can yield

S an estimate of the amplitude of lateral potential fluctuations.

~ 008 We have taken into account interface roughness scattering
o for analyzing the dependence of the DLTS signal amplitude

© 004 |l on the pulse frequency. The magnitude of this scattering de-

pends only slightly on the width of the QW for the investi-
gated QW'’s with width 2—-3 nm, but increases with larger
valence-band offset.

4 6
quantum well width dgy,(nm)
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