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Wave function-dependent mobility and suppression of interface roughness
scattering in a strained SiGe p-channel field-effect structure

M. A. Sadeghzadeh, A. I. Horrell,¥ O. A. Mironov,” E. H. C. Parker, T. E. Whall,”

and M. J. Kearney?
Department of Physics, The University of Warwick Coventry, CV4 7AL, United Kingdom

(Received 9 November 1999; accepted for publication 7 March 2000

The 4 K Hall mobility has been measured in a top-gated, inverted, modulation-dopegd/Sési
structure having a Si:B doping layer beneath the alloy. From comparisons with theoretical
calculations, we argue that, unlike an ordinary enhancement-mode@BtBannel metal—oxide—
semiconductor structure, this configuration leads to a decrease of interface roughness scattering with
increasing sheet carrier density. We also speculate on the nature of the interface charge observed in
these structures at low temperature. 2000 American Institute of Physics.

[S0003-695(100)01518-1

Sakakt first pointed out that deformation of the wave gate biasV, to about—1.2 V (insisting that the gate leak-
function by gating could be used to realize a velocity modu-age current never exceeds 20 pA, as compared to the Hall
lation transistor and KuroBesalculated the effects of such a measuring current of 20 nAHowever, this still enabled us
wave form deformation on the transport times in a backto increase the 2DHG sheet carrier density, from ~1.5
gated GaAs/AlGaAs heterostructure. Wave function manipux 10 to ~5.2x10'* cm™2, while the corresponding Hall
lation also has relevance for the worldwide efforts to fabri-mobility (at 4 K) increased from ~700 to ~4650
cate SiGep-channel metal—oxide—semiconductgwMOS)  cn?V s 1. Single subband occupancy and transport solely
devices of enhanced carrier mobilities as compared to Sit the lower heterointerface were confirmed by comparison
pMOS. A particularly attractive structure for SiGeMOS,  of the carrier densities obtained from Hall and Shubnikov
first investigated by Verdonckt-Vandebroeit al.® is one  de-Haas measurements. As Fig. 2 shows, the measured varia-
having an+ poly-Si gate with a boron layer beneath the tion of ng with V, and the corresponding Poisson—
alloy. This combination minimizes parallel conduction in the Schralinger prediction(see e.g., Ref.)6are in good agree-
silicon cap, whilst maintaining a low threshold gate voltage.ment.

A further virtue of having the-type doping below the alloy, To calculate the mobility as a function of; we have

as noted by Nitet al.* is the reduction of thévertica) ef-  used the self-consistent multiple-scattering theory proposed
fective field in the inversion layer with increasing sheet car-by Gold and Gtze.® The central equation used to evaluate
rier density. In principle, this would correspond to an in-the transport timey, is

crease in the width of the wave function, rather than a

decrease found in a conventional SiGEIOS device. This 1 1 "
would tend to reduce the deleterious effects of interface —:—*f q3U§¢"(q,i0+)dq, (1)
roughness scattering. Throughout this letter, the interface of 7 4mnsm* Jo
concern is the back interface, i.e., the one furthest away from
the gate(see Fig. L

To investigate this idea further we have fabricated the H = .
top-gated inverted modulation doped structure shown sche r Y
matically in Fig. 1. The structure, intended for low tempera- 180nm Si cap
ture measurements only, was grown by solid-source molecu-|
lar beam epitaxy/on a low-doped i§-type) Si(100) substrate. 20nm Sigy gGeg
The growth sequence consisted of a 200-nm-thick Si buffer 2DHG A
layer, followed by a 30 nm Si:B doped layer (2 20nm Si spacer /
x10"® cm™3), a 20 nm Si spacer, a 20 nm coherently
strained §j¢Gey» layer, and finally a 180 nm Si capping 30nm B~doped Si '
layer. The top gate consisted of a sputtered Ti/Al Schottky
barrier, and ohmic contacts for Hall measurements were
made to the two-dimensional hole g@DHG) by sputtering 200nm Sibuffer
Al and annealing in a nitrogen ambient at 450 °C for 30 min.
The absence of an oxide layer limits the maxim@magative

Si(001) substrate

dAlso at: Department of Electronic and Electrical Engineering, Loughbor-
ough University, Loughborough, Leics., LE11 3TU, UK. FIG. 1. Schematic of the top-gated inverted modulation-doped structure and
Y0n leave from IRE NAS of Ukraine, Kharkov 310085, Ukraine. the associated valence band diagram. The B-doping slab concentration is
9Electronic mail: T.E.Whall@warwick.ac.uk 2x 10 cm3.
0003-6951/2000/76(18)/2568/3/$17.00 2568 © 2000 American Institute of Physics
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FIG. 3. Measuré 4 K Hall mobility (circles vs hole sheet density com-

FIG. 2. Measuredcircles and calculatedsolid line) variation of carrier pared with theory(solid lines. The roughness parameters are as follows:
sheet density with gate voltage. A valence band offset of 180 meV fory 95 nm L ~1.9 nm n~1. The comparison yields an interface charge

SheG&y is assumed. density of~0.9x 10'* cm™2. The relatively poor fit at high carrier densities
is attributed to the breakdown of the triangular well approximation, as the

where d)”(q,iO*) is the zero-frequency density propagatorw'dth of the state approaches the alloy thickness.

(with screening includedand Ué is a scattering function or

sum of such functions for each type of mechanism included. 12m,e? 11

In the present work we have taken account (of:interface z{hz—q( )
roughness scattering associated with random variations in the

confining potentiaf, (i) scattering due to strain fluctuations Wherem, (~0.28 m) is the effective mass in the growth

in the channel caused indirectly by the roughn@<i ) scat- direction. Our treatment of the other two scattering mecha-
tering from interface impurity chargéd,and (iv) alloy dis- nisms is as described in Refs. 11 and 12; the alloy disorder
order scattering? The standard model of interface roughnessPotential is assumed to Be, ~0.6 eV.

1/3

; ®

c+3_2ns

scattering gives Expgrimental result; for th4 'K .HaII r'nobillity are com-
pared with the theoretical predictions in Fig. 3. We have
et n.\2 taken the Hall factor to be unitia good approximation The
2 s| A2 . . . e
Uy~ 2 Ne+ > | Ag, (2)  theory suggests, in common with previous findifigd*that

L interface charge plays an important role in limiting the mo-

where A? characterizes the roughness distribution. In thePllity at low temperatures. Alloy disorder, interface rough-
present structuréy, is the capside charge density consisting"€Ss: and strain quctua_tlons are relat!vely less ||_”nportanF at4
of surface charges and charges induced by the gate bid. (at least for the carrier concentration range in quegtion
Both N, andn, are functions o, and are determined by put at 300 K they pecome much more significant. Qne can do
the Poisson—Schdinger modeling exercise referred to ear- little about alloy d.lgorder scattering, but the predicted trenq
lier. Rather than make the standard assumption of Gaussighereby the mobility due to interface roughness and strain
correlated roughne¥sve will, following Ref. 10, assume a variations increases witlmg is highly desirable for SiGe

power-law distribution of roughness for which pMOS applications at 300 K315 This trend is a direct
consequence of the fact that scattering processes associated
TA2L2 with roughness at the interface are especially sensitive to the
A§=W- (3)  width of the statqwave function.***® As shown in Fig. 4,
1+ an ) increasingng in the present configuration corresponds to an

increasing state widtlichosen to be~6/b for illustrative
Here, A is a measure of the roughness amplitude deviationg?UrPoses In Fig. 5 we compare the calculated interface
L is the roughness correlation length, and the expoment foughness and strain fluctuation limited mobiliti¢sieK for
describes the falloff of the distribution at high wave num-the present device configuration with an ordinary enhance-
bers. For scattering from strain fluctuations due to roughnes€nt mode SiG@MOS structure'? i.e., one not possessing
at the interface we hav@dapting the theory in Ref. 10 to a the Si:B doping slab beneath the alloy, but otherwise having

triangular confining potentigl the same roughness parameters. Figure 5 does not represent a
full calculation for realistic device structures intended for
) fZEfJ (1+v)? q° ) room temperature operatigwith oxide layers etg, but the
T T4 (1-0)2 [1+(q/b)]6A , (4 results do suggest that the trend towards the reduced impor-

tance of the rough interface at the higher carrier concentra-
where 5, (~4.5 eV) is the deformation potentiak(~7.9 tions is at least plausible.

x 10" 3) is the lattice mismatch factor, and ~0.28) is Pois- The values ofA (~0.95 nm, L (~1.9 nm, andn (~1)
son’s ratio. The parametdr is the one that appears in the chosen to fit to the mobility suggest that the interface is quite
Fang—Howard variational wave function rough, although they have not been independently verified by
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trinsic effect not associated with unintentional doping of the
alloy. One possibility is that it may be piezoelectric in origin.
Several authors have found experimental evidence for piezo-
il ] electric effects in the Si/SiGe systéh?®Xie et al2>?! de-
duced a piezoelectric constant of 1:850 2 cm 2 for
/ SinsG&,. Braithwaite et al>* deduced a value of 0.9
x 10" 2 cm 2 from the ab initio calculations of de Gironcoli
and Molinari?® From these results one can postulate an in-
terface charge density of ordert0cm~2. The agreement
with experiment could be fortuitous but suggests that pos-
12 1 sible piezoelectric phenomena in this strained layer system
are worthy of further investigation.
In conclusion, it appears that interface roughness scatter-
, ‘ , , ing in the Si/SiGe system can be alleviated to some extent by
1 2 ADHG sh:etdensity ) (1‘2 o 5 6 reducing the vertical electric field in the conducting
e channel—equivalent to increasing the width of the hole wave
FIG. 4. Variation of the statévave function width (taken as~6/b, where  function. We further speculate that the principal scattering
b is the Fang—Howard parameters a function of sheet carrier density. process at the interface 4 K might be piezoelectric in ori-
gin. Although these studies were conducted at 4 K we con-

_ _ sider that they have important consequences for 300 K de-
structural measurements. The results are relatively insensjice operation.

tive to choice ofn between about 1 and 3, so this is not seen

as a crucial parameter. Regarding the values\adnd L, The authors wish to thank C. J. Emeleus for useful dis-
there are a number of similar findings in the literature. Thecussions, C. P. Parry and P. J. Phillips for samples growth.
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