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The low temperature electron mobilities were investigated in Si/Si;..Ge, modulation Doped (MOD)
quantum well structure with thermally grown oxide. N-type Si/Si) Ge, structures were fabricated by a gas
source MBE. Thermal oxidation was carried out in a dry O, atmosphere at 700°C for 7 hours. Electron
mobilities were measured by a Hall effect and a magnetoresistant effect at low temperatures down to 0.4
K. Pronounced Shubnikov-de Haas (SdH) oscillations were observed at a low temperature showing two
dimensional electron gases (2 DEG) in a tensile strained Si quantum well. The electron sheet density (ny)
of 1.5%10" [em™?] and corresponding electron mobility of 14200 [em?V~'s™"] were obtained at low tem-
perature of 0.4 K from Si/SiGe, MOD quantum well structure with thermally grown oxide.

I. Introduction

Si/Si,_«Ge, heteroepitaxy devices have lately been
investigated with particular interest for future high-
speed device applications [1-4]. In addition to the
general advantages of heteroepitaxy technology which
offers precisely controlled layers of a high crystal-
line quality, the special advantage of Si/Si;Ge,
devices is the use of Si-based technology which is
widely available, more reliable and economical than
GaAs-based technology [2-6].

The strain due to lattice mismatch in Si/Si;Gey
structures results in the band discontinuities. Such
band discontinuities are used to separate conducting
electrons (holes) from parent donor (acceptor) atoms,
so called modulation doped (MOD) structures, which
results in enhanced mobility at low temperature
because of the reduced ionized impurity scattering
[3,71. Fig. 1 shows both type I and type II band dis-
continuity in Si/Si;«Ge, structures. A type II band
discontinuity is expected in a tensile strained Si/
Si;_«Ge, structure, while a type I band discontinuity
is expected in unstrained Si/Si;Ge, structure. In a
type 1l band discontinuity, electrons can be confined
in the Si quantum well by the shifts of energy bands
and accordingly the band gap [7]. The tensile strain
in the Si channel reduces the degeneracy of the Si
conduction band edge from six-fold to two-fold,

resulting in reduced intervalley scattering [2,3]. The
two-fold degeneracy in a tensile strained Si channel
shows a high electron effective mass perpendicular
to the heterointerface (m_* = 0.98 my) and a low in-
plane effective mass (mj =0.19 mg) [7]. Thus the
enhanced electron mobility in the MOD Si/Si; ,Ge,
quantum wells results from reduced ionized impu-
rity scattering, reduced interface roughness scatter-
ing, and reduced intervalley scattering, etc [1,2,6,7].

In Si/Si;«Ge, MOD structures, electron mobilities
of about 3000 [cm?V~!s7!] at room temperature,
which is twice as high as those for pure Si bulk of
1450 [ecm?V7's7!], and those of about 100000
[em®V~'s7'] at low temperatures (~2 K) have already
been reported [2,3,9-14]. Low temperature electron
mobilities in modulation doped layers have been
observed o be up to 50 times higher than those in
standard Si-based metal-oxide-semiconductor field-
effect transistors (MOSFETS) [4].

Molecular beam epitaxy (MBE) has been widely
used for the growth of heteroepitaxy structures
because of its ultra-high vacuum ambient and high
controllability of layer structure [2,15]. Low pres-
sure chemical vapour deposition (LPCVD) and orga-
nometallic vapor phase epitaxy (OMVPE) have also
been used for the growth of high quality heteroepit-
axy structures [7,16]. Gas source molecular beam
epitaxy (GSMBE) has been known to reduce heavy
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Fig. 1. Energy band discontinuity in Si/Si;Ge, MOD
structure. (a) type I band discontinuity for unstrained Si/
Si;xGex MOD structure, (b) type II band discontiuity for
tensile strained Si/Si;.«Gex MOD structure.

metal incorporation encountered in solid source
MBE systems, where the Si is evaporated at high
temperature [2). Low substrate temperature and high
growth selectivity in GSMBE are previously
reported to be attractive features for heteroepitaxy
devices [7].

The superior electron mobilities in SifSi;(Gex
MOD structures will be of special interest for future
high-speed device applications if they can be readily
processed via conventional MOS fabrication tech-
niques. One of the important topics in this regard
would be the best way to form the oxide [8]. Oxide
growth at temperatures T>750°C has been used to
make both n- and p- channel devices [17,18]. How-
ever, the electron mobilities of Si/Si,Ge, MOD
structures with thermally grown oxides have not
been so successful as those of Si/Si,.Ge, MOD
structures without oxides because of thermal degra-
dation effects such as interdiffusion, strain relax-
ation, etc [1,8]. Si/Si;.«Ge, structures involve a lattice
mismatch that produces strain in the epitaxial layer.
The lattice mismatch between Si and Ge is approxi-
mately 4.2%. The lattice constant of relaxed Si, \Gey
layers have an intermediate value between Si and Ge
varying with the Ge content(x). The strain intro-
duced by the lattice mismatch will always find a way
to be thermally activated and relieved by the forma-
tion of numerous dislocations and nonplanar surface
morphology [4,5,19-25]. Planar surfaces are highly
desired for the applications of high-speed heteroepit-
axy devices [18]. These strain relaxation mechanisms
are known to be largely dependent on various fabri-
cation conditions such as temperature, surfactants,

thickness, or compositional grading, etc [1,4,5,19,21].
It is thus necessary to study the electron mobility
property in Si/Si;«Ge, MOD quantum well struc-
tures with thermally grown oxides along with low
temperature oxide growth techniques such as anodic
oxidation or plasma oxidation, etc.

The purpose of this study was to investigate the
low temperature electron mobility of Si/Si;Gey
MOD quantum well structure with thermally grown
oxide. N-type S¥/Si; Ge, MOD quantum wells were
fabricated. Thermal oxidation was carried out in a
dry O, atmosphere at 700°C for 7 hours. Electron
mobilities were measured by a Hall effect and a
magnetoresistant effect at low temperatures down to
0.4 K. Shubnikov-de Haas (SdH) oscillations at a
low temperature showed well behaved 2 DEGs in a
tensile strained Si quantum well.

I1. Experiment

N-type Si/Si; Gex MOD quantum well structures
were fabricated by GSMBE as described the details
elsewhere [3,7]. Fig. 2 shows a schematic diagram
of the n-type Si/Si; Ge, MOD quantum well struc-
tures used in this study. The modulation doped quan-
tum well structures consist of a relaxed SiGe virtual
substrate grown on a p-type silicon substrate. The
virtual substrate is linearly graded SiGe buffer with a
germanium concentration up to 30% over a distance
of 2 pm. The SiGe buffer layer is used for strain

Si cap (5nm)
SiGe supply layer  (50nm)
Sig/Geg s
n,(As)~1.5%10 '8cm=2
Siy ,Geg 5 SiGe spacer  (15nm)
Si quantum well  {10nm)
Sty,Gegg SiGe spacer layer (1.0um) np~2x1018
8‘0.7690.3
linearly graded SiGe buffer (2um)
p-type 5x10 7 ¢m~23
Si,_Ge,

p-type Si substrate {(17-20 Qcm)
Fig. 2. A schematic diagram of the n-type Si/Si;Ge,
MOD quantum well structure.
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relaxation in the alloy and dislocation confinement
near the substrate-epilayer interface {7]. The use of
the SiGe buffer layer is an important feature of SV/
Si,.<Ge, structures. Not only does its use minimize
the formation of dislocation densities, but by vary-
ing the Ge content of the layer, the strain experi-
enced could be changed continuously [25]. The
virtual substrate is followed by a 1.0 pm spacer layer
of SigsGeps. The silicon quantum well is subse-
quently grown with a 10 nm thickness, which is sep-
arated from a 50 nm thick heavily arsenic doped

Sample Cleaning

Hall Bar Pattern

Hall Bar Etch

SiGe supply layer with a doping concentration of
~10"® ¢cm™ by an undoped SiGe spacer layer of 15
nm. The SiGe supply layer is capped by 5 nm of sil-
icon.

The quantum wells were processed into Hall bars
for a low temperature electron mobility measure-
ment using standard techniques as depicted in Fig. 3.
The Hall bar etch was performed by using 1% O,
and 50% CHF; reactive ion etcher (RIE) for 4 min.
The etching rate was approximately 500 A/min.
After dipping into buffered HF for 20 sec. to remove

ultrasonic IPA lmin. & N2 blow dry

resist spin: PR S1813, speed 4000rpm, time 40sec.
baking : 100, 45min., UV exposure : 10sec.
development : MF319, 60sec., DIH2O rinse & Nz blow dry
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Ohmic Contact
Pattern

Oxide Etch

Ohmic Contact
Deposition

Gate Metallization
Pattern

Gate Metallization
Deposition

-V & C-V
Measurment

Low Temp.
Measurment

19602, 50%CHEF;3 RIE etch, 4min., fuming nitric acid, Smin.
B.OE. dip 20sec., tube furnace, 700°C, Thours, dry Oz atm

resist spin, baking, UV exposure : 10sec.
surface hardening, toluene 5min., DIH2O rinse
development : MF319, 60sec., DIH:O rinse & Nz blow dry

DIHZO activation, B.O.E. dip 20sec., DIH20 rinse & Nz blow dry

Cr(~600A)/AuSb(~10000 A )/Cr(~600A)/Au(~15000A)
soak in ACE, rinse in ACE & IPA, alloy : 300C, 15min., N2 atm

same photolithography process as in ohmic contact pattern

surface cleaning, Oz RIE 1min., Cr(~6004 )/Au(~15000A)
soak in ACE, rinse in ACE & IPA, N2 blow dry

Keithely 236 or 237 source measure unit for I-V
Keithely 590 CV analyzer for C-V

Hall & Shubnikov-de Hass(SdH) measurement

Fig. 3. The fabrication process of a Hall bar pattern for a low temperature electron mobility measurement.
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Fig. 4. A cross sectional view of the gated n-type Si/Sijx
Ge, MOD quantumn well structure.

any native oxide, the sample was thermally oxidized
in an electric tube furnace maintained in a dry O,
atmosphere at 700°C for 7 hours. The thickness of
the oxide was estimated to be ~200 A by elipsome-
try and CV measurements. The ohmic contact was
made by subsequent thermal evaporations of Cr(~600
A)/AuSb(~10000 A)/Cr(~600 A)/Au(~15000 A) fol-
Jowed by alloying in a N, atmosphere at 300°C for
15 min. The gate metallization was also formed by
thermal evaporation of Cr(~600 A)/Au(~15000 A).
Fig. 4 shows a cross sectional view of the gated n-
type Si/Si;.Gexy MOD quantum well structure. The
gated Hall bars were connected for the measure-
ments and then cooled down to 0.4 K in a He® cry-
ostat. During the cooling process, the connections
were sometimes found to be damaged. Thus two dif-
ferent points of Hall bar patterns, one 840 um and
the other 420 um length, were prepared for the mea-
surements. The two different points of Hall bar pat-
terns did not show considerable effects on the
electron mobilities. Low temperature electron mobil-
ities were measured by the Hall effect and Shubni-
kov-de Haas magnetoresistant effect under magnetic
field up to 4 T at low temperatures down to 0.4 K.
The typical Hall bar pattern used in this study is
shown in Fig. 5. The total length and width of Hall
bar was 840 and 60 um, respectively.

2000

W 580 Si channel
length:840/m
width:60:m 650
width : 20
|7
2000 < 600
650
650 850 400
—»] |
1
50 50

Fig. 5. Schematic diagram of the Hall bar pattern.

II1. Results and discussion

Two dimensional electron gases are characterized
by Shubnikov-de Haas (SdH) oscillations under a high
magnetic field at low temperatures. This is illus-
trated in Fig. 6, which shows the magnetic field (B)
dependence of longitudinal (Rjengindina) and Hall
(Ryn) resistance at a temperature of 0.4 K in Si/Sijx
Ge, MOD guantum well structures with thermally
grown oxides. Pronounced Shubnikov-de Haas oscil-
lations can be observed in the longitudinal resistance
with plateaus in the Hall resistance, both of which
result from a high quality 2 DEG in the Si quantum
well. The Shubnikov-de Haas (SdH) oscillations
arise because of the step-like density of states associ-
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Fig. 6. The magnetic field (B) dependence of longitudinal
{Riongituainar) @nd Hall (Rypan) resistance at a temperature of
04 K.
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ated with a 2 DEG at high magnetic fields [26].

Fig. 7 depicts Landau level index at longitudinal
resistance minima as a function of reciprocal mag-
netic field, 1/B, taken from the magnetic field depen-
dence of longitudinal resistance in Fig. 6. The
number of occupied Landau levels changes with
increasing the magnetic field (B). The longitudinal
resistance goes through one cycle of oscillation as
the Fermi energy moves from one Landau level to
the next Landau level. The magnetic field values
between two successive peaks are related by n/4eB,/
h-nJddeB,/h =1 so that the electron sheet density
ng = 4e/h 1/(1/B, - 1/B,) for the two-fold degeneracy
in a tensile strained 2 DEG Si quantum well [26].
Thus the electron sheet density (ng) can be calcu-
lated from the slope of the straight line as shown in
Fig. 7. The electron mobility is then calculated by
Uy =LinReW where L and W is the length and
width of Si quantum well, respectively [26]. From
the magnetoresistant SdH oscillation effect, the elec-
tron sheet density (n) of 1.5x10'> [cm™] and corre-
sponding low temperature electron mobility of 14200
[cm?V~!s7!] were measured at a temperature of 0.4 K
from Si/Si;.,Ge, MOD quantum well structure with
thermally grown oxide. The electron sheet density
(n,) observed by the Hall effect was 1.9x10"* [cm™].

Fig. 8 shows the magnetic field (B) dependence of
longitudinal (Riongindgina) and Hall (Rygy) resistance at
low temperatures of 5, 2 and 0.4 K. As expected,
Shubnikov-de Haas (SdH) oscillations, which
resulted from a well behaved 2 DEG in the Si quan-
tum well, are observed at low temperatures. More
pronounced SdH oscillations appeared at lower tem-
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Fig. 7. Landau level index at longitudinal resistance min-
ima as a function of reciprocal magnetic field, 1/B.
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Fig. 8. The magnetic field (B) dependence of longitudinal
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1200 |

peratures. SAH oscillation characteristics of 2 DEG
are generally known to be evident at cryogenic tem-
peratures below 4 K [26]. The straight lines of Lan-
dau level index as a function of reciprocal magnetic
field, 1/B, were taken from the longitudinal resis-
tance minima at both 2 and 5 K. The the electron
sheet density (ny) of ~1.5x10'2 [cm™] and 1.6x10!?
[em™2] were measured at low temperatures of 2 and 5
K, respectively. The corresponding electron mobility
of 14000 [cm?V~'s™'] and 13900 [cm?V's™'] were
observed at low temperatures of 2 and 5 K from Si/
Si;xGex MOD quantum well structure with ther-
mally grown oxide, respectively.

Fig. 9 shows the magnetic field dependence of lon-
gitudinal and Hall resistance in Si/Si;;Ge, MOD
structures without oxide at 5 K. the electron sheet
density (ng) of 1.4x10" [cm™2] and corresponding low
temperature electron mobility of 20000 [cm*V~'s™]
were measured from the magnetoresistant SdH oscil-
lation effect in Si/Si;..Ge, MOD structure without
oxide. The electron sheet density (n,) observed by
the Hall effect was 1.6x10'? [cm™2). Compared with
Si/8i1,.,Ge, without oxide, the lower electron mobil-
ity in Si/Si;,Ge, MOD structure with thermally
grown oxide is believed to be caused by thermal deg-
radation effect such as interdiffusion, strain relax-
ation, etc. However, low temperature electron mobility
in this study was much improved in comparison with
previous electron mobility measured in similar Si/
Si;xGex MOD structures with thermally grown
oxides [7].
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Fig. 9. The magnetic field (B) dependence of longitudinal
(Riongiwdina) and Hall (Ry,p) resistance in Si/Si;,Ge, MOD
structure without oxide at 5 K.

Thermal stability is very important for the process
of the MOS fabrication. The thermal stability is
known to be largely affected during the fabrication at
various conditions [1,4,5,19,21]. Thus further improve-
ment of electron mobility in Si/Si;.,Ge, MOD struc-
tures with thermally grown oxide can be expected
with further optimization of the various fabrication
conditions such as temperature, material structure, or
compositional grading, etc. Low temperature elec-
tron mobility properties of the S¥/Si;«Ge, MOD
structures including electron sheet density from the
magnetoresistant SdH oscillation effect and the Hall
effect, electron mobility from SdH oscillation effect
are summarized in Table 1. The electron sheet densi-
ties in a 2 DEG typically ranges from 2x 10" [cm™]
to 2x10'? [cm?] for the use in a field effect transis-
tor [26]. In Si/Si;..Ge, structures used, the electron
sheet densities of ~1.5%10'? [ecm™], and electron
mobility of 20000 [cm?V~1s™"] for Si/Si; Ge, without
oxide and that of 13900 [cm?V~'s"] for Si/Si;Ge,
with thermally grown oxide are shown. The differ-

Table 1. Results of Hall and Shubnikov-de Haas measure-
ments at low temperatures

T Doy Ngan He
Samples gy (10%cm?) (10%em?) (Em?V-'s™)
Si/SiyGex 5 20 1.6 13900
(with thermal 2 19 15 14000
oxides) 04 19 1.5 14200
Su/SirGey 16 1.4 20000

(without oxides)

ence between the electron sheet densities of nggw
and those of nggqy in Si/Si;Ge, with thermally
grown oxide could be probably caused by parallel
conduction. The electron sheet density changes with
various gate voltages would be another work to
study next.

IV. Conclusion

Two dimensional electron gases in a tensile
strained Si quantum well were obtained in Si/Si;.
«Ge, MOD structure with thermally grown oxide.
The electron sheet density (ny) of 1.5x10"? [cm™]
and corresponding electron mobility of 14200
[cm?V~'s7"} were obtained at a low temperature of
0.4 K from the magnetoresistant SdH oscillation
effect. The electron mobility of 20000 [cm?V~'s™!]
were measured at 5 K in Si/Si;.,Ge, MOD struc-
ture without oxide. Further optimization of the var-
ious fabrication conditions is believed to improve
the low temperature electron mobility property in
Si/Si; ,Ge, MOD structures with thermally grown
oxide.
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