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Influence of regrowth conditions on the hole mobility in strained Ge
heterostructures produced by hybrid epitaxy

R. J. H. Morris,? D. R. Leadley, R. Hammond, T. J. Grasby, T. E. Whall, and
E. H. C. Parker
Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom

(Received 28 June 2004; accepted 8 September)2004

Strained Gep-channel heterostructures have been produced using a hybrid-epitaxy method, which
allows the advantages offered by different growth techniques to be exploited. Chemical vapor
deposition of thick strain-tuned virtual substrates has been combined with growth of the active
layers by solid-source molecular beam epitaxy. This paper discusses optimization of the regrowth
conditions, to achieve a high hole mobility, and correlates structural characterization with electrical
measurements. Initi@x situchemical cleaning of the virtual substrate was found to be essential for
successful regrowth. Structural analysis, using cross-sectional transmission electron microscopy and
atomic force microscopy, showed that the regrowth temperature significantly affects the growth
mode of the active layers and that planar growth was only achieved below 400 °C. Samples with Ge
channels from 8 to 30 nm thick were analyzed with plan view transmission electron microscopy to
study the formation of misfit dislocations and estimate the degree of relaxation—two effects
detrimental to hole transport properties. For intermediate thickness layers, postgrowth annealing at
650 °C was found to significantly improve the hole mobility, by eliminating point defects but not
leading to substantial relaxation. As a result, the mobility was found to almost double at room
temperature and increase fourfold at 10 K. The level of diffusion and interface integrity, for both the
as-grown and annealed structures, has been investigated using low energy secondary ion mass
spectrometry. €004 American Institute of PhysidDOl: 10.1063/1.1811784

I. INTRODUCTION plication field. Research is particularly concentrating on the
The Si semiconductor market has been following a treng?/g¢ hole mobility enhancements offered by strained Ge,

where the speed of Si devices has doubled every 18 month¥Nich would bring more parity betweem and p-MOS de-

This exponential trend was observed back in 1965 by GorY'c€S- , _ , _
Given the difference in lattice constant between Si and

don Moore and, commonly known adbore’s Law™" is i e L ~H )
now enshrined within the International Technology Roadmag>€ (~4:2%) and their total miscibility, a sufficiently thin

for Semiconductors. Such device speed enhancements hal@yer of epitaxially grown Si,Ge, or pure Ge, may be
until recently, been achieved by means of aggressive deviderced to elastically distort and take on the in-plane lattice
scaling but the limitations associated with modern litho-SPacing of the Si substrate. In order to accommodate such a
graphical processes and the thermal problems associat&iﬁtortion the Iayer stretches perpendicular to the substrate
with smaller devices are now becoming limiting factors. Aand is referred to as being under compressive biaxial strain.
secondary issue is that, in the case of conventional Spuch strain has a profound effect on the valence band, dis-
complementary metal oxide semiconductof€MOS), torting and splitting the heavy- and light-hole bands, which
n-MOS devices have a higher mobility than théviOS de-  leads to a reduced effective mass and increased carrier relax-
vices, leading to a significant difference in device size andation time both of which increase the hole mobility. Previ-
affecting both current drive parity and threshold voltageous work on the incorporation of Ge into Si includes pseudo-
symmetry?. Research has therefore turned to other solutionsnorphic Sj_Ge, layers (x<0.5 grown on Si substrates.

in order to try and continue the Moore’s law trend. One suchHall hole mobilities of 150 cV's at 300 K and
solution is the incorporation of Ge into Si based technology2500—-9300 c/V's at 4.2 K for such types of structures
since bulk Ge exhibits a much higher mobility for both elec-have been obtainetf It has been predicted, from calcula-
trons and holes compared to‘Silowever, Ge has for a long tions where phonon scattering is the dominant mechanism
time been ignored for MOS devices due to processing diffiand interfaces are ignored, that a higher hole mobility at
culties and especially the lack of a high quality gate dielectoom temperaturéRT) would be obtained for a structure
tric comparable to Si@ Now dielectric materials with a per- containing a pure Ge channelo grow a strained Ge chan-
mittivity much greater than SiPare being developed for nel directly on Si without it relaxing, the Ge layer could be
aggressively scaled Si devices and, since they can be directhp more than 1 nm thick, which is too thin for effective
deposited, these so-called “higti dielectrics should enable  carrier confinement. In order to produce a thicker Ge channel
Ge to become more I’eadily integrated within the CMOS ap'(up to tens of nanometerghe Ge |ayer must be grown on a
Si;_,Ge, virtual substratgVS). The terminating Ge content
¥Electronic mail: R.Morris@warwick.ac.uk of the VS is chosen to be in the range 0.6—0.7, since this
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gives the same level of strain within the Ge channel as found
in strained pseudomorphic ;SjGe, layers withx=0.3-0.4
that yield the best hole mobility. In this way, Gechannel
Hall mobilities in the range 1300—2100 éAV s at 300 K
(Refs. 8 and 9and 55 000—120 000 citV s at 4.2 K(Refs.
10 and 1} have previously been demonstrated. (a)

In this paper, we present Ge channel heterostructures
grown by a method of hybrid epitaxy. Hybrid epitaxy gives
the flexibility to take advantage of the strengths offered by
various epitaxial growth technologies. In this work the
thicker layers of the virtual substrate were produced rapidly
using ultrahigh vacuum chemical vapor depositidHV-
CVD) while the thinner, active layers were grown by solid (b)
source molecular beam epitaggS-MBE) at lower tempera-
tures. The structures grown had excellent hole transpoft/G. 1. XTEM images of 8 nm Ge channel structures gra@rat 490 °C,
propertieéz and, in this paper, we report on the Structuralzhowmg almost 3D growth, an@) at 350 °C where the Ge channelark

. . L . ang appears smooth.

aspects associated with achieving such good quality trans-
port. The techniques employed are cross-sectional transmis- . . .
sion electron microscopgXTEM), plan view TEM, atomic ply Igyer_gof SiGe:B (with a B doping level of 3.6
force microscopy(AFM), and low energy secondary ion > 10°% cm . measured by SIMGa 15 nm u_ndoped §etback
mass spectrometrgSIMS). From analyzing the results we layer of SpGee the Ge channe{with thickness in the

discuss growth limiting factors, the effects of postanneal dif- 2"9¢ 8-30 nm for_ different samples 20 nm .35-466‘)-6.
fusion and relaxation from misfit dislocations. capping layer, and finally the structure was terminated with a

2 nm Si cap. Parameters that were varied in these experi-
ments were the Ge channel thickness and the active layer
Il. SAMPLE GROWTH growth temperature.

The starting substrates used were linearly gradeq
. Il. EFFECT F REGROWTH TEMPERATURE
Sih,Gg, (y=0.6) VSs grown by UHV-CVD at MIT. The cTso GRO v

graded region had been produced using a grading rate of Several structures were initially grown with a 8 nm
10% Ge per micron and was terminated with ah con-  channel at a variety of growth temperatures between 350 and
stant compositional layer which should be fully relaxdd. 490 °C. All the structures were found to have a smooth
Before the second phase of epitaxial growth, at Warwick, théower interface to the channel but to incorporate a large
wafers were cleaneex situ Typical ex situchemical clean- amount of roughening at the upper channel interface, with
ing procedures used on Si substratREA stages | and jJI  layers grown at the highest temperatuegt50 ° C border-

had been found to be highly reactive, with etch ratek00  ing on three-dimension&BD) island growth as visible from
times greater for layers containing 60% Ge than for pure Sithe XTEM image in Fig. (&). Similar roughening has been
As such control is a problem and can easily lead to removabbserved before and attributed to the balance between the
of the whole of the constant composition terminating layergrowth surface strain and surface step enertji€sgure 2a)

and even some of the graded region. It is essential for sushows a X 1 um? AFM image of a sample surface grown at
cessful regrowth that the terminating layer of the VS remaingl90 °C, reaffirming the roughening observed by XTEM and
intact, relaxed and with a minimum number of dislocationsclearly showing that it takes the form of faceting, an effect
that should be confined to the graded region, otherwise thenown to be associated with high growth temperattrEhe
substrate is rendered useless. The chemical cleaning prodstands produced are quite regularly arranged and are visible
dure involved a 3 min Piranha et¢h,SO,:H,0,) followed  in Fig. 2@) with a typical size 0f~200 nm. Even within the

by a 2% HF dip before spinning dry. To grow the active Gerelatively smooth region of a single island there are strain
channel heterostructure, the cleaned VSs were then loaddldictuations that show up in the diffraction contrast of the
into the Vacuum Generators V90s SS-MBE system and sulplan view TEM in Fig. Zb).16

jected to anin situ high temperature desorb for 30 min at For all the structures regrown at temperatures below
860 °C, to drive off the hydrogen terminating the wafer sur-400 °C, Hall measurements performed on large Van der
face. Following this the temperature was lowered and growtlPauw crosses showed similar mobilites at RT
of the structure commenced. The regrowth structures con750+100 crd/V s) and at 10 K(3000+100 cré/V s), and
sisted of a 200 nm lattice matched, constant-compositiom hole density of~2x 10'2 cm™ irrespective of regrowth
layer grown at 800 °C, with a further 300 nm grown while temperature. To understand these results, 1D Poisson/
the temperature was lowered to the required active layeBchrddinger modeling of the intended 8 nm channel struc-
growth temperaturéin the range of 350-500 °}CGrowth  ture was performed and Fig(é8 shows the valence band and
was interrupted for 30 min after this initial 500 nm of re- predicted carrier distribution within the Ge channel region.
laxed material, to ensure the wafer had stabilized at the lowdfrom the modeled carrier distribution it is observed that both
growth temperature. Following this growth interrupt, a layerinterfaces of the Ge channel would have a strong influence
stack was grown consisting of 20 nmy3Be,5 @ 5 nm sup-  on the confined carriers. Thus, to improve the mobility, the
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FIG. 3. ID Poisson Schrddinger simulations of the valance band energy and

hole density of the heterostructures wi) 8 nm and(b) 16 nm channels.
(b) The valance band discontinuities mark the division between the Ge channel

and Sj Ge) ¢ cladding layers. It can be seen that while both interfaces will
influence carriers in the narrow well, the upper interface becomes less im-

FIG. 2. Images of the 8 nm Ge channel structures grown at 49Q&8C. portant as the channel thickness is increased.

AFM showing facet growth ang-200 nm islands(b) Plan view TEM of a
single island showing strain fluctuations. Scale bars(arel um and(b)

0.1 pm. temperature mobility was being significantly limited by scat-
tering at the rough upper interface for the structures pro-

upper interface roughening must be suppressed by either rg_uced at higher temperature.

moving the roughening or changing the layer structure so

that carriers do not come into contact with this roughlV. EFFECTS OF GE CHANNEL THICKNESS
interface.

Roughening of the upper interface was finally sup- Further 1D Poisson/Schrédinger modeling of the in-

ressed when the arowth temperature was lowered tverted modulation doped structure indicated that by increas-
P 9 P %g the Ge channel thickness, the confined carriers would

350 C as shown in the XTEM image of Fig(b). The only be influenced by the lower interfageig. 3b)]. A set of
reduction in surface roughness as the growth temperature ’ssamples with varying Ge channel thicknes$, 20, and
lowered from 490 to 350 °C can be clearly seen in thezg ) were grown at 350 °C. o

AFM images of Fig. 4. Quantitative analysis of these images Figure 5a) shows a plan view TEM image of the 8 nm
is complicated because microroughening on the 100 Npannel structure, with a small amount of surface morphol-
scale arising from regrowth, and thought to most affect the,gy only being observed at the highest magnification and no
mobility, is superimposed on larger scdlel um) undula-  gjgn of cross-hatch patterns. By contrast, the thicker samples
tions from the VS. To concentrate on the smaller scale, rmgere found to have misfit dislocations present, as can be seen
roughness values have been averaged from several 2%Q the plan view TEM micrograph from the 20 nm channel
X 250 nnf windows in different regions of the image, giving structure[Fig. 5(b)]. The formation of misfit dislocations im-
values of 2.4, 1.0, and 0.4 nm for the structures grown aplies the layers were strained in the early stages of growth,
490, 460, and 350 °C, respectively. but as the layer thickness exceeded the equilibrium critical
Hall measurements on the sample grown at 350 °C onlyhickness plastic relaxation occurred. The extent of this plas-
yielded a small hole mobility improvement at R{io tic relaxation R was determined using the relatioR
920 cnt/V s) compared with the previous structures grown =bggpup, Wherepyp is the misfit dislocation line density and
above 400 °C, but the 10 K mobility was enhanced by morehe effective Burgers vectdn. is the component responsible
than a factor of 2—7300 chV s without any significant for misfit strain relief:’ For these structures, the misfit dis-
change in carrier density. This makes it clear that the lowocations will be at 60° scbeﬁ=aGe/2\/§ where ag, is the
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(b) FIG. 5. Plan view TEM images of samples grown at 350 °C with Ge chan-
nels of(a) 8 nm and(b) 20 nm, showing the appearance of misfit dislocation
in the thicker layers.

slightly improved on those of the 8 nm structuys=e Table

). Such similarity suggests that the upper interface is no
longer the factor most influencing carrier mobility for these
low growth temperature samples. It also suggests that the
misfit dislocations in the thicker layers are not limiting the
mobility. However, the 10 K mobility is still much lower
than other published data on Ge chanffetsso there must

be another mechanism preventing the full potential of the
layers from being realized.

V. EFFECTS OF POSTGROWTH ANNEALING

(c) It has previously been shown that high densities of point
defects are present within pseudomorphic SiGe layers grown
FIG. 4. AFM images of 8 nm Ge channel structures, showing the reductiorit low temperature and that by annealing this density can be
in surface roughness as the growth temperature is lowered &p#90 °C reduced leading to much enhanced electrical prope’ﬁies.
throughz(b) 460 °C to(c) 350 °C. In each case the field of view is 1 Given the low growth temperatuf850 °C) used to suppress
X1 e roughening, it was extremely likely that point defects would
be present, so the samples were annealed within the tempera-
germanium lattice constaf.658 A). The observed disloca- ture range 600—700 °C for 30 min under dry.No assess
tion density and plastic relaxation determined from this arehe electrical quality, Hall measurements were made between
given in Table Il from which it can be seen that, while the 10 K and RT. The largest mobility enhancement was found
20 nm Ge channel remains fully strained, there has been sigt 650 °C, as can clearly be seen in Fig. 6 for the 20 nm
nificant relaxation for the 30 nm channel. channel sample. Table | summarize the RT and 10 K mobil-
From Hall measurements, the RT and 10 K hole mobilityity, as a function of channel thickness, for the structures as-
for the thicker Ge channel structures were found to be onlgrown and following the optimal annealing conditions
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TABLE I. Measured Hall mobility at 300 and 10 K from heterostructures with various Ge channel thickness,
before and after annealing at 650 °C, together with the enhancement produced by annealing. The carrier density
for all the structures was measured as 20'? cm2.

Mobility (crm?/V's)

Channel

As-grown Annealed at 650 °C Mobility enhancement
thickness
(nm) 300 K 10K 300 K 10K 300 K 10K
8 920 7300 1010 11 600 10% 59%
16 1010 7130 1840 26 900 82% 377%
20 1440 8680 1910 19900 33% 229%
30 1430 8080 1560 7 480 9% -7%

(650 °C for 30 min. Annealing certainly makes an enor- rough upper interface limits the hole mobility and above
mous improvement with the mobility of the 16 nm channelwhich relaxation and dislocations dominate. At room tem-
structure being increased by a factor of almost 4 at low temperature there is a smaller variation with channel thickness
perature and nearly doubled at RT. than at 10 K suggesting that the effect of misfit dislocations
The plan view TEM images show that annealing alsojs |ess influential and is masked by a greater contribution
allows the misfit dislocations to move away from the regularfrom optical phonon scattering, which has been shown to be
cross hatch pattern, seen immediately after growth in Figg major RT scattering mechanism in similar structdfes.
5(b), to the more irregular serpentine pattern of Fig. 7. This 4 investigate the effects of annealing on interface qual-
tends to produce larger areas tha_t are free of dislocations bﬂg, and atomic diffusion, SIMS analysis was performed, us-
other regions where the dislocations cluster, so the overa”1g low energy (500 e\) O," ions to optimize the depth

effect on mobility remains to be investigated. Meanwhile theresolutionzo Figure 9 shows low energy SIMS profiles for
small surface ripples between the cross-hatch patterns appegr. '

to be unchanged. The dislocation density and plastic relax- € 16 nm channel samplevhich are indicative of those
u ged. ! : 'y plasti Sbserved for all the structurebefore and after annealing.

ation were obtained after annealing at 650 °C and are Corr]from these profiles, the amount of Si diffused into the Ge

pared with those from the as-grown structures in Table II. hannel and the dearee to which the channel spreads can be
Although annealing led to some relaxation, seen through af 9 P

increase impy , this was less than 5% for the three narrowestObta'ned(F'g' 10. For the structures annealed at 600 °C the

channels and it produced a significant improvement in moShannel width and shape is essentially unaltered from the
bility, particularly at low temperature. However, in the case@S"9rown material, but there is a small amount of Si diffusion
of the 30 nm layer the relaxation was estimated to excee@! the lower interface. This is evidence that atoms have
20% both before and after annealing, which made no redinoved within the lattice to eliminate the point defects and
improvement in mobility. At this point some of the strain Fig. 3 shows that the electrical qualities have clearly im-
induced benefits such layers are designed to incorporaﬂérOVEd- As the anneal temperature is increased more Si dif-
would be lost. The fact that it was relaxed, and so had fafused across each interface leading to a smearing of the in-
more misfit dislocations present, is apparently more importerfaces by up to 1 nm for the 700 °C anng&y. 10. There
tant for suppressing the electrical properties than any effedé much less evidence that the Ge atoms diffuse far into the
of point defects. Si, which is to be expected as the diffusion coefficient for Si
Figure 8 depicts the variation of Hall mobility with in Ge is much higher than that of Ge in %iThe amount of
channel thickness after annealing. This shows there is adiffusion was also found to depend on the channel thickness
optimal thickness in the range 15—20 nm below which thefor a particular anneal temperature—more Si was observed

TABLE II. Measured misfit dislocation line density and estimated channel relaxation in the as-grown and
650 °C annealed samples, along with the amount of Si diffused into the Ge channel estimated from SIMS

analysis.
As-grown Annealed at 650 °C
Misfit Estimated Misfit Estimated Estimated
Channel dislocation channel dislocation channel Si diffusion
thickness density relaxation density relaxation into Ge channel
(nm) (cm™?) (%) (cm™) (%) (%)
8 ces . 6
16 1x 10° 0.2 1.5x10* 3 3
20 4x10° 0.8 2.5x 10* 5 2
30 >10° >20 >10° >20 <1
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FIG. 6. Hall effect measurements of the hole mobility and density as a 5§ 10 15 20 25 30
function of temperature for the 20 nm channel structure, as-grown and an- Channel thickness (nm)

nealed at 600, 650, and 700 °C.
FIG. 8. Variation with Ge channel thickness of the Hall mobility measured
for thinner channels. At 650 °C, the temperature found tct 10 and 300 K for annealed samples.
yield the best electrical properties, the amount of Si present
in the center of the Ge channel varied between 6% for thenat for too high a growth temperatute=400 °Q the Ge
8 nm structure ane<1% for the 30 nm ongTable I)). For  |ayer severely roughens. The roughening takes the form of
higher anneal temperatur€800 °Q) the amount of Si diffu-  facets which is common for the SiGe material system. For
sion increased significantly with 4% in the 30 nm structure|ayers of equilibrium critical thickness or less, such rough-
and 14% in the 8 nm structure. The accompanying smearingning of the channel interface will be highly detrimental to
of the interfaces in this latter sample might be expected tqhe electrical properties, since both interfaces influence hole
lead to a loss of confinement and two—dimensional hole gagotion in these narrow channels.
behavior. The scale of diffusion at 700 °C also accounts for By lowering the growth temperature to below 350 °C
a drOp in m0b|||ty seen with the 16 and 20 nm Structures, a$his roughening is Suppressed’ but the as-grown material
the quality of the interface that the carriers are confinedyyality appears to be compromised. However, subsequent an-
against will degrade along with the possible introduction ofpealing at 650 °C under dry wvas shown to result in sig-
alloy scattering. Despite this Si diffusion, Fig. 6 shows thatpificant improvements to the electrical properties, especially
the hole density does not change significantly with annealingt |gw temperature where the mobility was enhanced by fac-
suggesting minimal out-diffusion of the doping supply layer.tors up to 4. This observation strongly suggests that point
defect nucleation had occurred and that the damage is re-
VI. SUMMARY moved by annealing. Diffusion of Si from the cladding layers
. into the Ge channel was found after annealing, but this ap-
This work has_demonstrate_d that Ge Ch"?“.‘“e' heterostru yeared to have almost no detrimental behavio? on the ma'?e-
ture growth requires very stringent conditions. BOth. th.e.rial’s electrical properties for anneal temperatures up to
growth temperature and thickness of the layers pIayaS|gn|f|(—550 °C. Previously, work on similar Ge channel structures
cant role in the overall material properties. It has been Show?ound .that in SitL; annealing degraded the electrical
behavior’? but the results presented here show tlatsitu
annealing under the right conditions enhances the hole car-
rier properties. These results also imply that the structures

10" | o \Vr
E 600°C ~
[ Asgrown—%,
: - N 1 i
S 0 20 40
200nm Depth (nm)
FIG. 7. Plan view TEM image of the 20 nm channel structure after anneal+IG. 9. Si and Ge SIMS profiles of structures with a 16 nm Ge channel
ing at 650 °C. showing the diffusion of Si atoms on annealing.
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25¢ 10 and subsequent thermal processing have been shown to be
3 1 critical in order to obtain the best quality material with the

T2f 18 highest hole mobility.
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