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Hole effective mass in remote doped Si/Si  ;_,Ge, quantum wells
with 0.05 <x=<0.3

T. E. Whall, A. D. Plews, N. L. Mattey, and E. H. C. Parker
Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom

(Received 18 July 1994; accepted for publication 20 October)1994

The effective masses in remote doped Si/SGe, hole quantum wells witl).05<x=<0.3, have

been determined from the temperature dependence of the Shubnikov—de Haas oscillations. The
values are lower than previously observed by other workers, but still somewhat higher than the
theoreticall’-point values for the ground-state heavy hole subband. The differences are attributed to
finite carrier sheet densities and can be satisfactorily accounted for by nonparabolicity
corrections. ©1994 American Institute of Physics.

The two-dimensional hole ga@DHG) formed at the measurements were made on samples of standard Hall bar
SiGe/Si heterointerface in a pseudomorphic Si/SiGe/Si struageometry.
ture is of considerable technological interest since it is likely ~ According to theory the Shubnikov—de Haas oscillations
to offer a viable route to fasp-channel metal—oxide— in the longitudinal resistivityA p,, are described by:
semiconductofMOS) devices. Unfortunately, there is little
agreement in the literature as to the value of hole effective  Ap,, 3
mass m* and its dependence on Ge concentratiof). ( o =RV sinhé
Chenget al! reportm* (measured by cyclotron resonaice

falling from 0.4 t00.29m,, wherem, is the _free.electrgn wherepy is the Boltzmann resistivityR, is the spin reduction
mass, ax is increased from 13% to 37%, while Kieét al” 50018 v/ depends on the scattering mechanism being equal
find, from magnetotransport measurements, no Ge concefy, 4 for short range scattering as has been shown to be the
tration dependence with an averalgé~0.36me. for x in case for the present sampfeg= 272k T/h w,, w,=eB/m*

the range 15%-35%. These values are considerably larggg,q 74 is the quantum lifetime. Typical oscillations are
than might be expected from band structure calculations ofnqown in Fig. 1, the periodicity in B confirming the occu-

m* for decoupled bands at the zone center,0. For ex-  pation of a single subband as anticipated for this sheet den-
amplem*, is predicted to fall to~0.2m, for Si in the com- sity. To obtain the effective mass we plot

pletely decoupled limit.

We have recently observedm* as low as INfA o (T)/ on(T vs InN&sinh& =T/ o-r(T 2
(0.23+0.02)m, for x=0.13 from a detailed analysis of the LAPa(T)/po(T)] ngsinh=[m/wer(T] ()
thermal damping of the Shubnikov—de Haas oscillatl‘bns.fOr various T at fixed B, whereAp,, is the peak value of
This value is in reasonable agreement with theoretical preAp m* is used as an adjustable parameter to obtain a

.. . 5,6 XX 1
dictions which range betwedh20me and 0.28n, > Inthe 1o jient of unity for each value &, confirming thatm* is
present work we have determined the hole effective mass‘?ﬁdependent oB. In order to extractAp,, a cubic spline
. A . m
for 0.05<x<0.3. Themost important feature of this iNVes- e holation and a rectangular digital filtare used to re-

tigation is that measurements have been made on sampleslﬂ[we the B2 background term associated with hole—hole

lower carrier sheet densities than hitherto. A novel form Ofinteractionsl.l The temperature dependence of the Boltzmann

analysis of the data is adopted in which the effects of tem-
perature dependent screening, weak localization, and hole—
hole interactions are accounted for. It is demonstrated thaf?BLE . Properties of remote doped Si/SiGe hole quantum wetisGe

the experimentally deduced masses are independent of mq‘ﬁg—mpos't'on’ SI-,G8; L, alloy thicknessis: dopant setbackN, : car-

i ) . “ier sheet densitym*: measured effective mass; ama,: free electron
netic field and temperature. Good agreement is obtained withass.
band structure calculations of zone center effective masses,
when sensible corrections for band nonparabolicity are Ns .
made (Shubnikov— Hall mobility
) . . X L, Ls de Haa} at4 K
A range of samples was grown using solid-source mo<sample (measurel (nm) (nm) (104 cm™?) (cmPVis ) m*/m,

lecular beam epitaxy{MBE) each consisting of am™Si

Er

o P

Y

e~ ™% cos ( 27

) . 1 0.052 30 20 0.95 9200 0.28
(1_00) substrate W|th~3OQ nm undoped Si followgd by a 5 0.081 30 20 132 10 500 0.33
Si, _,Ge_ alloy layer of thickness ,, an undoped Si spacer 3 0.081 30 20 1.60 8850 0.29
of thicknesd._; and a 50 nm B-doped cap. The nominal layer 4 0.12 30 20 2.46 9600 0.27
thicknesses and Ge content deduced from x-ray diffraction 5 0.12 30 20 2.05 10500 0.27
(XRD) measurements, assuming the SiGe is fully strained, © 0.13 30 20 2.00 11 100 0.23
are summarized in Table I. Also shown are the carrier sheet 0.17 50 20 2.93 3600 0.31
- i : - ) 8 0.19 22 30 3.30 3500 0.26
densities obtained from the periods of the Shubnikov—de g 0.29 20 20 5.80 2200 0.24
Haas oscillations and ¢h4 K Hall mobility. The electrical
3362 Appl. Phys. Lett. 65 (26), 26 December 1994 0003-6951/94/65(26)/3362/3/$6.00 © 1994 American Institute of Physics
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mination of the effective mass for temperatures in the range
0.3-1.6 K giving a magnetic field independent value of
m*=0.31m,. It is important to note that the screening cor-
rections(in p, and 7,) have been found to be essential in
order to obtain the linear behavior shown in Figa)3 To
determine that the measurad is also temperature indepen-
dent, Fig. 3b) shows a Dingle plot of

IN[(Apy sinh €)/poé] vs /B 4

for various values ofl for this sample. The gradient of the
line may be written as- w1/7quq giving 7/74=0.96. The
good straight lines obtained in Fig. 3 justify our assumptions
that V and R, are temperature and magnetic field indepen-
dent.

In Table | we summarize our data. The somewhat lower

*
FIG. 1. Temperature dependence of the Shubnikov—de Haas oscillators fCYralueS ofm® we observe as compared to those rEported by

sample 5.

previous workerd: >4 are attributed to the fact that our

samples are, on average, of significantly lower sheet density.
Figure 4 shows the present experimental results compared

resistivity p, is obtained by fitting the temperature depen-

dence of the zero magnetic field conductivity to the form: With the cyclotron mass of bulk unstrained SiGand the _
theoretically predicted masses at the zone center of strained

ol T)= (1—9yT/Tg)+AIn

_ "_TT> 3
po(T=0) Pl ©

y is a screening parameter calculated by Gdldho finds

y~1 for interface roughness and interface charge scattering,a

which have been found to dominate in the present
materials*® We have estimated the interface charge densities
in these materials and find that they vary betwee@'!
cm 2 for a sample havig a 4 K mobility of about 2000

cm 2V ts ! and 210 cm 2 for a mobility of about

18 000 crd Vs 141913 The coefficientA is a measure of
the effects of weak localization and hole—hole interactions.
74(T) is then found by puttingr,~ 7 the elastic scattering
time, with rap, *, which should be a reasonable approxima-
tion in the present case where the scattering is of the short
range type. In our analysis we neglect any temperature or
magnetic field dependence Bf. Figure 2 shows the tem-
perature dependence of, and the corresponding fit to Eq.
(2) for sample 7(Table ) and Fig. 3a) illustrates the deter-

SiGe alloys>’ The error bars give the estimated experimen-
tal errors in the present measurements. Although our masses
show clearly the effects of strain, and are lower than previ-
ously published results, the deviations from the theoretical
lues at thd” point (k=0) are substantial. To correct for

=7

-6 -5 -4 -3

In (¢/sinh §) — (ﬂ/wctq)
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FIG. 3. (a) In(Ap/po) plotted vs Irig/sinh &) for sample 7 in the tempera-

FIG. 2. Temperature dependence of electrical conductivjfyin zero mag-
netic field, between 0.3 and 1.8 K for sample 7.

Appl. Phys. Lett., Vol. 65, No. 26, 26 December 1994

ture range 0.3-1.3 K, at various magnetic fields) Dingle plots of
IN[(Ap, sinh§/(peé)] vs 1/B for sample 7 at various temperatures.

Whall et al. 3363
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FIG. 4. Experimental effective mass valugg compared with average FIG. 5. Variations of effective mass with strain and sheet density in the SiGe

mass in unstrained bulk SiGe allcéglashed I|n§3 and calculated band edge two-dimensional hole gam“of theoreticalk=0 vaIue,E,: Fermi energyA

(k=0) mass(solid ling) for strained alloys. light hole-heavy hole splitting®: present work,# : present samples Nicho-
las (see Ref. 18 V: Chenget al. (see Ref. }; O: Kiehl et al. (see Ref. 2,

- . A: Wanget al. (see Ref. 1% ¢ : Fanget al. (see Ref. 15 [I: Peopleet al.
the fact tham* has been measured at finite sheet density wegee Re%. 19 ( i 9 ( g P

use the form&1’

A2, 2mi=e[1+ce/A] and m* =42/ d%e/dIC measured samples. Our results and those of other workers are
xy' =0 Xy’(5) indicative of significant nonparabolicity in the ground-state
heavy-hole subband.

wherek,, is the 2D wave vector is the hole energyng is The authors have enjoyed usefulvdiscussions with Pro-

the ky,=0 effective massA is the splitting of then=1,  fessor Brian Ridley and Dr. Ludwig Sika.

m;=+*3 and n=1, m;==*; valence maxima, and is a

nonparabolicity factor. The discrepancy between the experi-

mental values and the theoretical band edge values can be

accounted for by choosing an average value efjual to 0.5.

This comparison ignores, of course, the effects of confine-'J. P. Cheng, V. P. Kesan, D. A. Grutzmacher, and T. O. Sedgwick,, Appl.

m1e7nt and a possible germanium concentration dependence gghf- k?éﬁ?“blesléﬁgfa 3. 0. Chu, D. C. Edelstein, F. . Fang, B

i s o s L0 i T e, S Mot 13T
LA H. ,C. L. , .C. g, Phys. Ré@, B1946

measurements on samples of higher sheet density, and by1g93.

Osbournet al*® from magnetotransport measurements on?2J. C. Hensel and G. Fehrer, Phys. Rev. 129, 10453.

InGaAs strained layers. Their deduced values afe larger ~ “T. E. Whall, N. L. Mattey, A. D. Plews, P. J. Phillips, O. A. Mironov, R. J.

than obtained here, presumably because of a factor of 3 errg/Nicholas, and M. J. Kearney, Appl. Phys. Leit, 357 (1994.

in Eq. (1) of Ref. 17. As supporting evidence for the present (Sl'gg'zcmn and K. L. Wang, IEEE Trans. Electron Devige 39, 2153

interpretation, we have plotted the normalized effective massy, gkenbergprivate communication

(m*/m%) obtained by various authdr§*15181%yersus  7a. Isiharu and L. Smitka, J. Phys. C, Solid State Phyk9, 6777(1986.

Er/A in Fig. 5, whereE is the Fermi energy. Although there 8D. SchoenbergMagnetic Oscillations in Metal$Cambridge University

is appreciable scatter in the data, an increaseniimy is ~ Press. Cambridge, 1954 _ -

evident which is consistent with the effects of band nonpa- | Ecvl\iger‘ILIePSV:m?crglr:z gc?'szséliﬁ'ﬁgbéak’ P-J. Phillips, and E.

rabolicity [see Eq.(5)]. More detailed analysis must await 10; £ kaiser and W. A. Reed, Rev. Sci. Instrug, 1103(1978.

theoretical calculations of nonparabolicity in SiGe, althought'a. Houghton, J. R. Senna, and S. C. Ying, Phys. Re25B82196(1982.

the present experimental valuesoofire believed to be of the '?A. Gold, Phys. Rev. E88, 10 798(1988.

right order of magnitudé®*’ 13E. Basaran, R. A. Kubiak, T. E. Whall, and E. H. C. Parker, Appl. Phys.

- Lett. 64, 3470(1994.
Finally, the average Va!ue OHTq dedlflced fO.I’ the 14p,J. Wang, F. F. Fang, B. S. Meyerson, J. Nocera, and B. Parker, Appl.
present sal_”nples is ]:tGD:3. This value is consistent with thgt Phys. Lett54, 2701 (1989.
found previousl§ and with that expected for short range in- 1sg. Fang, P. J. Wang, B. S. Meyerson, J. J. Nocera, and K. E. Ismail, Surf.
terface charge and/or interface roughness scattéting. Sci. 263 175(1992.

In conclusion, the measured effective mass values arG. C. Osbourn, J. E. Schirber, T. J. Drummond, L. R. Dawson, B. L.

substantially smaller than those in unstrained SiGe aIonsmgofel':g:‘:m'éi' Eﬂtzs' Ag’ep\'/' ;gy;;?ﬁ%g?l(l%a.
but larger than the theor_eticEI point va_Iues in stra_ined al_- 18R.. N.icholas, q}clot?'or'] resc‘mar’] cerivate corﬁmunicatio)n
loys. Good agreement with the theoretical values is obtaine@r pegple, J. C. Bean, and D. V. Lang, J. Vac. Sci. Technak, 846

when corrections are made for the finite sheet density of the (1985.

3364 Appl. Phys. Lett., Vol. 65, No. 26, 26 December 1994 Whall et al.
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