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Abstract

The electrical and material properties of strained Table 1. Selected properties of bulk Si and Ge at 300K[1].
SiGe alloys have been overviewed and the historical sur-

vey of the application of SiGe alloys to high-speed Property Si Ge
devices and circuits is given.
Crystal Structure Diamond Diamond
Introduction Lattice Constant [nm] 0543095  0.56461B
The demand for high-speed devices is soaring as the _ .
applications of these devices has been shifting from mili- | Conduction Band Minima A valley L valley
tary to commercial market, which includes the exploding Energy Bandgap [eV] 1.12 0.66
wireless and optical network systems. In the past, IlI-V
semiconductor-based systems were deemed to be MOstg|ectron Mobility [cnfv-is? 1500 3900
suitable for high-speed applications. They provide not
only superior carrier transport characteristics, such as| Hole Mobility [cm?V-1sY 450 1900
high carrier mobilities r'e'q.uwed for these appllpatlons, but Dielectric Constant 11.9 16.0
also provide the feasibility of bandgap engineering by
proper choice of compositions with ternary and quater- | refraction Index 3.44 397
nary derivatives of binary compounds such as GaAs and
InP. Although the technology based on these material Sysq Intrinsic Carrier Conc.[cif] 1.45¢1010 2 4x10%3

tems suffers from their relatively high cost of production,
this has not seriously hampered their use when applied for

military purposes. For the commercial applications, how-

ever, the importance of the cost for implementing such  Basic properties of SiGe alloys

systems is playing a more important role and, therefore,  gome of the basic properties of bulk Si and Ge at 300
Si based system becomes more favored choice for thig gre |isted in Table 1[1]. The crystal structure of both Si
purpose. Si has been the dominant semiconductor for ghq Ge is the diamond structure, the lattice constant of Ge
long time owing to its advantages such as compatibilityyeing slightly larger than that of Si. The lattice mismatch
with high-qu'al.ity oxides, mechani_cal stability, high ther- o 4 189% at room temperature, which puts an upper limit
mal conductivity, matured processing technology, and lovigp, the thickness of strained SiGe layers that can be grown
production cost. However, the relatively poor carriery, si supstrate without generating dislocations, can be
transport characteristics and the lack of the availability Ofcompared with those of widely used I1I-V systems: GaAs
heterostructures have impeded the application of Si tg,q |nAs (7.16%) and GaAs and InP (3.81%). The con-
high-frequency and high-speed applications for a longyyction band minimum of Si occurs at thepoint, located
time. Recently, however, development in the growth tech; —7504 fromr point to X point, while that of Ge occurs
nology of high-quality SiGe alloys on Si substrate hasy; | point, and the corresponding energy bandgap is 1.12
made such applications feasible with Si-based systemgy and 0.66 eV, respectively, at 300 K. One of the most
The incorporation of SiGe layers into Si-based systéMgytractive features of Ge is its superior carrier mobility
provides the possibility to enhance the performance of S'compared with Si, which is 2.6 times larger for electrons

based electronic devices by the strain-originated carriesnq 4.2 times larger for holes, assuming low doping con-
transport characteristics improvement and the quasi eleggntration and room temperature.

tric field from the bandgap grading. SiGe alloys are the material system which is made

out of those two major semiconductor materials. The
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Figure 1: Energy bandgap of bulk (solid line) and compres-
sively strained (hatched lines) ;SiGg, alloys on Si(100)
substrate at 90 K[2][3]. Symbols represent measured data.

band-edge. The bandgap of strained SiGe alloys can be
approximated by following expression at room tempera-
ture[3].

AE4(x) = 0.96¢ - 0.43¢ + 0.1%C [eV] (1)
It is noticeable that the bandgap of the strained alloys
decreases so rapidly that it becomes even smaller than
that of bulk Ge wherx>0.6. Note that the bandgap is indi-
rect for both strained and unstrained SiGe alloys.

Once the bandgaps of SiGe alloys are determined,
the next concern is how they are lined up with respect to
the bandgap of Si at SiGe/Si heterojunctions, from which
the band offset distribution between the conduction band
and the valence band is decided. As the band offset gov-
erns the carrier transport across the heterojunctions, the
band alignment is of crucial importance for electronic
device applications. The calculation and measurement of
the band offsets at SiGe/Si heterojunctions are quite com-
plicated and the results differ between groups[3]-[6].
Nevertheless, they agree on the fact that most of the band
offset lies on valence band, rather than conduction band,
at heterojunctions between compressively strained SiGe
alloys and unstrained Si. It is generally accepted that con-

properties of compressively strained SiGe alloys growrduction band offset comprises less than 10-15% of the
on Si(100) substrate, which comprise most of the SiGeaotal band offset, depending on the Ge composition.

alloys adopted for practical device applications, are now

discussed. The bandgap of SiGe alloys has a dominant MISFIT (%)

impact on the optical and electrical characteristics of the ¢ y £ ¥ ?
alloys. The measured and calculated bandgaps of the o EXPERIMENT i
strained SiGe alloys are shown in Fig. 1 as a function of & EXPERIMENT

Ge compositiorx, along with that of unstrained bulk SiGe B Vo et EoUILIBROM THEOR]

(Matthews ond 8lakesiee)
—— van der Merwe
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alloys[2][3]. The bandgap of unstrained;$Ge, alloys

exhibits a slow monotonic decrease with increasing Ge
composition until the composition reaches0.85, at
which a steep roll-off is observed. This turning point
stems from the transition of the lowest valley in the con-
duction band, from Si-likeA valley to Ge-like L valley.
The bandgap of strained SiGe alloys shows quite different
profiles since the strain lifts the degeneracies in the con-
duction and valence bands, causing the relative position
of the energy valleys to change. The six-fold degeneracy
in the conduction band is split into four- and two-fold
degeneracies, while the heavy hole band and light hole
band are split in the valence band. The two bandgap
curves appearing in Fig. 1 for strained alloys correspond
to the heavy hole band (lower curve) and the light hole 10R
band (upper curve). The cross hatched region represents © 02 GER;A:IUM FR;’;ION(X)O-B 10

the uncertainties arising from the deformation potential

employed for the calculation. The bandgap of the heavy Figure 2: Critical thickness of $iGe, alloys on Si(100)
hole band should be regarded as the actual bandgap, asubstrate[7]. The dashed and dot-dashed line is based on
this is usually defined as the energy difference between mechanical equilibrium theory while the solid line is based
the lowest conduction band-edge and the highest valence®" Meta-stable state of the layer.
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According to Bean[3], the valence band offset can be

approximated as a function of Ge compositias, ot 2 S— —_—
AE(x) = 0.84x [eV]. 2 = Sl L3, on <001> 5i 300K
Combining Eqg. 1 and Eq. 2, conduction band offset can n; )
also be expressed as a function of Ge composition: v
AEL(X) = 0.12¢ - 0.43¢ + 0.17C [eV]. ®3) e "
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Critical thickness is another important material
parameter of SiGe alloys which dictates the maximum
thickness of the strained SiGe layer to be grown without
relaxation, placing a limit on the device structure design. | % %y, 5 o
The critical thickness of SiGe alloys based on the i 'w' i
mechanical equilibrium theory showsfldependence,
wheref is the misfit between the strained epitaxial layer il -
and the substrate. According to the calculations based on 00 02 04 08 08 10
this theory, which are plotted as dashed and dot-dashed
lines in Fig. 2 after two different groups[7], the critical
thickness of Si,Geg, alloy on Si(100) substrate is less y
than 100 A forx>0.2, which places a severe restriction for x ) .
practical device applications. However, a calculation 0% ] .
assuming a meta-stable state of the SiGe alloys, which _“:!_'I_’ll'-r}f;'ﬁ'"_l ‘_.-" ‘H.:-.-r!""“-‘;qtﬂ
shows 1f ? dependence and excellent agreement with — ‘_;‘-‘ 1,,1-""“ & o
experimental data, shows much larger critical thickness ol 4
(plotted as solid line in Fig. 2) which exceeds 100 A up to
x=0.5. The calculation based on the meta-stable state may
be used as a reference for the practical device growth and
fabrication, provided the thermal budget during the epi-
taxial layer growth and device processing is kept low
enough to maintain the meta-stable state of the strained _ |
layer. 0.0 i} 2: ..| 4 0.5 0.8 i.0

Mobility, an important carrier transport parameter e MULE FRACTION
which governs the frequency response of devices, IS @ g e 3. carrier mobilities in strained SiGe alloys on
function of various parameters such as temperature, dop- Si(100) substrate calculated with and without alloy scatter-
ing concentration, alloy composition, types of carrier  ing assuming room temperature and moderate doping con-
(electron or hole), carrier polarity with respect to dopants  centration[8]. (a) electron mobility; (b) hole mobility.
(majority or minority carrier), types of strain (compres-
sive or tensile), direction of carrier movement with sition dependence gets weakened, leading to an almost
respect to the strain (in-plane or out-of-plane), etc. Figurdlat mobility profile when the doping concentration
3illustrates a calculated result on the trend of the majorityaxceeds 18 cni3. For this heavily doped SiGe alloys,
electron and hole mobilities in moderately-doped straineghe out-of-plane mobility becomes even slightly larger
Si; Ge alloys grown on Si(100) substrate at room tem-than the mobility in Si[9]-[11]. The hole mobility shows
perature[8]. The electron mobility initially decreases withsimilar Ge composition dependence as electron mobility,
Ge composition, then it exhibits an increase ®s but the effect of alloy scattering is less severe for holes. It
approaches 1. But, the mobility remains lower than that okhows a small initial decrease, followed by a quick recov-
Si (x=0) for almost the entire Ge composition range, indi-ery (atx~0.15) and a sharp increase, exhibiting higher
cating the existence of a strong alloy scattering. It shouldnobility values than that of Si fax>0.3 (Fig. 3(b)). It is
be noted that the out-of-plane mobility is larger than theinteresting to note that the in-plane hole mobility is larger
in-plane mobility, with the bulk mobility lying in between than the out-of-plane mobility, both of them being larger
them for the compressively strained SiGe alloys[9]-[11].than the bulk mobility, which is different from the trend
As doping concentration increases, the mobility valuesbserved with the electron mobility[12]. The increase of
decrease in general and, more importantly, the Ge compatoping concentration leads to a reduction in the hole



mobility values, but it leaves the Ge composition depen{UHV) evaporation by Cullis and co-workers[26] and also
dence of the mobility fairly unaltered[13]. The minority on SiGe alloys by Aharoni and co-workers[27]. These
carrier mobility usually exhibits higher values than thewere followed by the first successful growth of SiGe
majority counterpart, especially for higher doping con-superlattice on Si substrate by Kasper and co-workers
centrations, and the two mobility values cannot befrom Germany[28], who employed UHV evaporation
assumed identical in general[11][14]. technique to grow RigsGey 14Si superlattice with peri-
The carrier velocity becomes more important as theyds ranging 100-800 A on Si substrate, and made a
device dimension shrinks, since the electric field in thesgletailed analysis of misfit dislocations in the structure.
devices becomes large enough to saturate the carrighis work signaled a matured growth technique for the
velocity, rendering the concept of low-field mobility less alloys, but the analyses were still oriented to their material
useful. According to Monte Carlo simulations by Hinck- characteristics, rather than electronic properties.
ley[15], the in-plane electron velocity in compressively  Monumental work on the material and electrical
strained SiGe alloys is higher than that of Si, while theproperties of SiGe alloys grown on Si substrates was per-
out-of-plane velocity is lower than that of Si. On the otherformed by researchers in AT&T Bell laboratories in the
hand, both in-plane and out-of-plane hole velocity in the1980’s. They made extensive analyses of the material
strained SiGe alloys were calculated to be higher than thaharacteristics of strained SiGe alloy films[29] and SiGe

of Si, increasing with Ge composition. superlattices[30] grown by a molecular beam epitaxy
(MBE) system, and they proceeded to investigate modula-
A historical overview of SiGe alloys and their tion-doped SiGe/Si structures for the first time[31], pav-
applications to high-speed devices and circuits ing a way for SiGe/Si modulation-doped field effect

) ) transistors (MODFETS). This was followed by an experi-
Ge was the most popular semiconductor in the earlynenia| analysis on the bandstructures of strained SiGe
stage of semiconductor development along with Si, andyjoys[32], and the band alignment at SiGe/Si heterojunc-
efforts to make alloys out of these two dominant semiconyigng[4]. The critical thickness of strained SiGe alloys on
ductors _have already been |n|f[|ated at that time. The firsg; g pstrate was investigated by both experimental and
synthesis of homogeneous SiGe alloys was reported By eqretical techniques[7] and the optical properties of
Stéhr and Klemm in 1939[16]. However, the first system-giGe/sj superlattices were explored, leading to the devel-
atic study on the properties of SiGe aIons_ can be credltegpmem of SiGe/Si photodetectors[33]. These comprehen-
to Johnson and co-workers[17] who, in the 1950'S.gje studies, reported in a series of papers published in the
reported the Ge composition dependence of the latticg,iy. and late-1980's, have provided a solid theoretical
constant and bandgap of SiGe alloys for the first time,ng experimental foundation for the SiGe-based devices.
This study was followed by a number of comprehensiverpg first SiGe/Si heterojunction bipolar transistor (HBT)
investigations on electronic[19] and optical[20] properties 55 reported by researchers from IBM[34], and this has
of SiGe alloys. The SiGe alloys employed in these earlyjggered a considerable amount of work on SiGe/Si
studies were prepared by isolated crystallization and noYBTs, mainly from industries such as IBM and Diamler-

by epitaxial growth on Si, as is common nowadays. Thugen; 1BM focused on planar-type SiGe/Si HBTS, with
the reported properties were limited to bulk SiGe alloys,qderate Ge compositions<0.1) in the base layers,

omitting results on strained SiGe. _grown by ultra high vacuum chemical vapor deposition
In the 1960s, efforts have been made by variougyHy.cvD) system. This technology is basically a modi-
groups to deposit SiGe alloys on Si substrates and investjication of the conventional Si bipolar junction transistor

g_ate the properties of SiGe thin films_. _The soluti_on teChTechnoIogy and has led to HBTs exhibitifghigher than
hique[21][22] and the vapor deposition techn|que[23]100 GHz[35]. On the other hand, Daimler-Benz concen-

were frequently adopted to deposit SiGe alloys and G?rated on mesa-type SiGe/Si HBTs incorporating MBE-

films on Si substrates during this period. However, thes%rown base layers with higher Ge compositions

studies were focused on the development of epitaxi g
growth techniques for SiGe alloys, neglecting the detaile 0.3%<0.4), exhibitingfimay up t.o 160 GHZ[36]. Other i
groups have also reported their development of SiGe/Si

analysis on the properties of the films. ] ]
More serious studies on the material properties of [BTS[371[38]. In parallel to the development of SiGe/Si

SiGe alloys began in the 1970's. In a series of paperé"BTS’ efforts have also been made to develop SiGe-based

Vasilevskaya and co-workers from the Ukraine performecF ETs in the mid 1_9 80's[39]140], bqt the results were not
systematic analyses on the quality of Ge films grown b S encouraging, since the band alignment of SiGe/Si het-

evaporation on Si substrates[24][25]. Similar studies wer&"@Junctions is advantageous mainly for N-p-N HBTSs.
carried out on Ge films grown by ultra high vacuum N the 19907, the technology for SiGe/Si HBTs has
became matured enough to be considered for circuit



applications, and a series of successful demonstrations 9] M. Glicksman,Physical ReviewMol. 111, No. 1, pp.
circuits based on SiGe/Si HBTs have been reported. Volt- ~ 125-128, July 1958.

age controlled oscillators (VCOs) with oscillation fre- [20] R. Braunsteiret al. Physical Reviewyol.109, No. 3,
quencies of 26 GHz and 40 GHz[41] and X-band pp. 695-710, Feb. 1958.

mixers[42] have been realized. A narrow band amp|iﬁe,{21] K. J. Miller et al,, Journal of the Electrochemical Soci-
for Ka-band operation[43] and a wideband amplifier oper-  €ty,Vol. 109, No. 1, pp. 70-71, Jan. 1962.

ating up to Ku-band[44] have also been implemented witH22] J. P. Donnellyet al, Journal of the Electrochemical
SiGe/Si HBTs. More recently, SiGe/Si HBT low noise ___ SocietyVol. 113, No. 3, pp. 297-298, Mar. 1966.
amplifiers and power amplifiers for L-band wireless Com_[23] A. R. Ribenet al.,, Journal of the Electrochemical Soci-

munication applications have been reported[45].

As commercial products based on SiGe/Si HBTs ar424]

making their way into the commercial market, it is
believed that SiGe/Si HBT will be a standard npn devic
for future BICMOS technologies.
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