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Abstract—SiGe/Si n-type modulation doped field effect
transistors (MODFETs) fabricated on sapphire substrates
are characterized at microwave frequencies for the first
time. The highest measured room temperature electron
mobility is 1380 cm?/ V-sec at a carrier density of 1.8 x 10"
em? for a MODFET structure. At room temperature, a two
finger, 2 X 200 micron gate n-MODFET has a peak
transconductance of 37 mS/mm at a drain to source voltage
of 2.5 V and an f,,, of 2.45 GHz. Microwave performance of
the transistor improved with decreasing temperatures, with
an f,,,=5.25 GHz at 100K .

Index Terms—SiGe, MODFET, sapphire.

1. INTRODUCTION

SiGe /Si n-type modulation doped field effect transistors

(MODFETs) on sapphire have the potential to integrate
high speed Si technology with high quality microwave
passives on the same substrate. However, while p-type
MODFETs on sapphire have been reported [1], there are
few publications on n-MODFETs on sapphire [2]-[5]. All
Si based devices on sapphire use silicon-on-sapphire
(SOS) as a starting substrate, which has the Si layer in
compressive strain [6]. While this aids the fabrication of
p-MODFETs, which have a compressive strained SiGe
channel, it complicates the fabrication of n-MODFETs,
which require tensile strained Si channels [7].

SiGe/Si n-MODFET structures on sapphire substrates
are being studied for potential use in applications that
require integration of high frequency RF and digital
circuitry on a single wafer. For example, significant cost
and performance advantages in Ka-band (26.5 — 40 GHz)
transceivers for broadband beam-steerable phased array
antennas are anticipated by increasing the level of
integration. The goal is to fabricate a high frequency
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system-on-a-chip that will include analog and digital
circuits using both active and passive components. This
goal places stringent demands on the substrate material.
For the analog circuitry, the substrate must support
transistor structures with sufficiently high carrier mobility
to operate at these frequencies, as well as be highly
resistive so as to provide electrical isolation between
devices and reduce the parasitic reactances. The
performance of passive components such as inductors and
transmission lines often limits system performance, but
sapphire substrates have been shown to be an excellent
choice for very high quality inductors [8]-[9]. Since most
of the device functions are performed in the digital realm,
the substrate must also support low-power digital device
circuitry. Complementary metal oxide semiconductor
(CMOS) digital circuitry using Si-on-sapphire technology
is used for digital signal processing applications where
radiation hardness and low power consumption are critical
[10]-[11].

Here we report experimental results on SiGe/Si n-
MODFET structures and devices on a sapphire substrate
concentrating on three areas: electronic transport
properties of the structures, microwave performance at
room temperature and the temperature dependency of the
microwave properties of the device in the range 77-300K.

II. MODFET DEVICE STRUCTURES

High mobility n-type SiGe/Si field effect transistors
(FET) transistor structures are fabricated by molecular
beam epitaxy (MBE) on r-plane sapphire substrates using
strained 100 A thick silicon channels. The strained Si
channels are sandwiched between Sij;Ge, 3 layers, which,
in turn, are deposited on Siy;Gey; virtual substrates and
graded SiGe buffer layers (Fig. 1). The electrons in the
strained Si channels are obtained using a delta-doped Sb
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technique. The virtual substrates and buffer layers are also
deposited using MBE. The crystalline quality of the as-
received 270 nm thick Si-on-sapphire films is improved
via a Si ion implant and post-anneal process, and the Si
layer is chemically etched to a thickness of approximately
100 nm prior to growth of the buffer layer, virtual
substrate, and transistor structures. These processes have
been described in earlier publications [2]-[5].

Si cap 5nm
Sb, deposition—> 8!0-7°Ge°-3° layer 10.m
Siy 705€, 50 SPacer layer 5nm
Si channel 10 nm
Siy 70G€050 600 nm
Sig 70G€030
Linearly graded Si,,Ge, buffer 5000 nm
Si
Si (MBE grown) 50 nm
Si (after oxide etch) 100 nm

Sapphire substrate
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|

Figure 1: Schematic diagram of buffer layer, virtual substrate, and
channel of the n-MODFET SiGe/Si transistor on sapphire substrate.

III. HALL MOBILTY

The highest room temperature electron mobility, p,,
measured for an n-MODFET structure is 1380 cm?/V-sec
at a carrier density of 1.8x10'? cm™, which corresponds to
a sheet resistance Ry of 2515 Q/[). The temperature
dependency of Ry is given in Fig. 2. Another sample with
the same structure was measured at 300 and 0.25 K.
Mobility above 13,000 cm®/V-sec is measured at liquid He
temperatures accompanied by Shubnikov de-Haas
oscillations, showing the existence of a 2DEG and
excellent confinement of the electrons (Fig. 3 and Table
I). The very small decrease in the carrier density means
that 1/R; vs. temperature gives a good approximation of i,
vs. temperature. Thus, based on Fig. 2, p, at 100K is
roughly a factor of 4 larger than at room temperature.
Atomic force microscopy measurements show the rms
surface roughness of the MODFET devices is 3.3 — 3.7
nm, which is similar to that commonly found in the
literature for conventional graded buffers on silicon
substrates [12].
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Figure 2: Sheet resistance of a SiGe n-MODFET structure on sapphire
versus the temperature for n-MODFET SiGe/Si structure on a sapphire
substrate.

Temperature Electron Hall Sheet
(K) Concentration | Mobility | Resistance
(x10" cm?) (cm*/V- (Q/sq.)
sec)
300 1.6 1271 3073
0.25 1.33 13,313 352

108

Table I: Summary of electron mobility, electron concentration, and sheet
resistance at 0.25 and 300 K for n-MODFET SiGe/Si structures on
sapphire.
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Figure 3: Longitudinal (px) and Hall (pyy) resistivity versus magnetic
field for the n-MODFET SiGe/Si structures on sapphire. Data taken at
0.25K.

IV. DC AND RF TRANSISTOR MEASUREMENTS

Several transfer length method (TLM) structures around
the transistor structures were measured, and the specific
contact resistivity (p.) and the semiconductor sheet
resistance (R;) are obtained [13]. In all cases, the
experimental R value is inside the range 2700-2900 Q/[1,
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which is well within the Hall effect result limits. The
value of p, has more scatter than R, with an average
result of p.= (3+1)x10” Q-cm’. The transistor’s current-
voltage (I-V) characteristics measured on a Tektronix
370A are shown in Figs. 4 and 5. An Ips of 9 mA (45
mA/mm) is obtained by operating the transistor in an
enhancement mode (positive Vgs) and the maximum
transconductance, g, is 37 mS/mm at a Vpg of 2.5 V.
The transconductance is almost flat in the gate voltage,
Vgs, range of -0.2 to +0.2 V. The measured (extrinsic)
transconductance is corrected [14] to obtain the intrinsic
transconductance g, using the results of the TLM
measurements. The main contributor to the correction is
the source resistance, which includes the semiconductor
resistance in the source to gate area (Rsp =28(2) and the
source contact resistance (R.=14Q). The correction due to
the output conductance is negligible. For our 2 pum
transistor, g, =55 mS/mm.
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Figure 4: Measured IV characteristics of 2 X 200 micron SiGe n-
MODEFET on sapphire.
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Figure 5: Measured transconductance of 2 X 200 micron SiGe n-
MODFET on sapphire.

S-parameters of the transistor are measured as function
of temperature in an on-wafer cryostat [15] using an HP
8510C vector network analyzer (VNA), and at room
temperature, the transducer gain, Gr, is measured on a
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load—pull system. From the VNA measurements, Gr and
fuax are determined. Room temperature results as a
function of frequency are shown in Fig. 6. The straight
line in the figure gives an interpolation of the load-pull
data with the expected 6 dB/octave slope. The agreement
between the VNA and load pull result is an indication of
the measurements consistency. It is seen that f,,=2.45
GHz and Gr is approximately 6 dB at 1 GHz.
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Figure 6: Measured gain of 2 X 200 micron SiGe n-MODFET on
sapphire versus frequency by both a vector network analyzer (VNA
Data) and by a load pull (solid circles).
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Figure 7: Measured scattering parameter Sy, (solid circles) and maximum
frequency of oscillation fi,.x (solid squares) of 2 X 200 micron SiGe n-
MODFET on sapphire versus temperature.

From the measured S-parameters as a function of
temperature, ., and [S;;| are determined and shown in
Fig. 7. Qualitatively, the results reported here are similar
to those reported for SiGe/Si n-MODFET devices on
silicon substrates [16, 17] and for InGaAs/InAlAs/ InP
MODFETs. In all cases, there is an increase of a factor of
roughly 5 in p, when the temperature is lowered from
300K to 77K, but f,,x increases by less than a factor of 2.
In this present case, the increase in fy,x is from 2.45 GHz
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to 5.25 GHz when the temperature is lowered from 300 K
to 100 K. We expect that the saturated velocity, v, will
increase much less than p, in the same temperature range.
Experimentally, when cooling from 300K to 77K, it is
reported that the percentage increase in both f,,, and the
cutoff frequency, fr, is always larger for longer gates [18],
as the contribution of the mobility to fr and f,,,, is larger
in long gates vs. the contribution of the saturated velocity.
The increase in fr and f,,x for very short gates [16-18] is
less than 50%, while here we report over 100% increase in
finax for a 2 pm device in the range 300K to 100K.

An estimate of the capability of our material to yield
high quality microwave transistors using electron-beam or
vacuum ultraviolet (VUV) lithography is performed
assuming a conservative value for vg, of 1.0x107 cm/s. A
gate length of 0.1 um and a 0.5 pm source-to-drain
distance are used in the calculation, similar to values
common in the literature [16]. The maximum intrinsic fr
as determined by the saturated velocity approximation
(fr=vea/2nL, where L,=0.1 pm), is f~320 GHz.
However, in practice, much lower fr values were reported
[16], even for shorter gates. The main, but not the only
reason for much lower experimental fr, is the total source
resistance, which includes the source contact resistance R,
and the source-to-drain resistance Rgp. Using our TLM
results (Rg=2,800 Q/[], pc=3x10'5 Q—cmz), we obtain
fr~115 GHz with a maximum g, of ~150 mS/mm. This
calculation assumes 25 nm between the Schottky gate and
the center of the wave function in the channel. In this
case, the relatively high contact resistivity decreases the
performance, as Rgp is now smaller than the contact
resistance. The best device that can be made from our
material will have a much smaller p.. For a reasonable p,
value of 3x10° Q-cm? we obtain the estimates gm~245
mS/mm and f1~285 GHz. It must also be kept in mind that
normally, the values of f,., in MODFETs [16-18] are
much higher than fr, making devices useful at extremely
high frequencies, even at room temperature.

V. CONCLUSION

n-MODFETs fabricated on r-plane sapphire substrates
have demonstrated microwave frequency characteristics
for the first time, with an f,,x of 2.45 GHz and a gain
greater than 6 dB at 1 GHz. Further development is
required to improve the Schottky contacts and increase the
carrier density.
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