Vol. 32, No. 11

Journal of Semiconductors

November 2011

Potential of asymmetrical Si/Ge and Ge/Si based hetero-junction transit time devices
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Abstract: Static and dynamic properties of both complementary n-Ge/p-Si and p-Ge/n-Si hetero-junction Double-
Drift IMPATT diodes have been investigated by an advanced and realistic computer simulation technique, devel-
oped by the authors, for operation in the Ka-, V- and W-band frequencies. The results are further compared with
corresponding Si and Ge homo-junction devices. The study shows high values of device efficiency, such as 23%,
22% and 21.5%, for n-Ge/p-Si IMPATTs at the Ka, V and W bands, respectively. The peak device negative con-
ductances for n-Si/p-Ge and n-Ge/p-Si hetero-junction devices found to be 50.7 x 10 S/m? and 71.3 x 10° S/m?,
which are ~3—4 times better than their Si and Ge counterparts at the V-band. The computed values of RF power-
density for n-Ge/p-Si hetero-junction IMPATTs are 1.0 x 10°, 1.1 x 10° and 1.4 x 10° W/m?, respectively, for
Ka-, V- and W-band operation, which can be observed to be the highest when compared with Si, Ge and n-Si/p-Ge
devices. Both of the hetero-junctions, especially the n-Ge/p-Si hetero-junction diode, can thus become a superior
RF-power generator over a wide range of frequencies. The present study will help the device engineers to choose
a suitable material pair for the development of high-power MM-wave IMPATT for applications in the civil and
defense-related arena.
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1. Introduction

Present-day communication systems demand the use of
RF signals in the microwave and MM-wave frequency band
owing to their higher resolution and broader bandwidth. The
advance in solid-state devices has contributed significantly to
the feasibility of high-power MM-wave sources. Among all
the semiconductor devices, IMPATT diodes are considered as
the most promising high-power devices. Increased demand for
high-power and high-frequency applications in defense and the
commercial arena have geared up research activities on IM-
PATT diodes. In recent years, several semiconductor materials,
such as InP, SiC, ZnS and GaN, have been proposed for the fab-
rication of high-power MM-wave IMPATT diodes!' . Even
though this new class of semiconductor based IMPATTs has
certain advantages, experimental success is limited due to diffi-
culties of pure crystalline material growth techniques for p and
n type layers and a lack of established fabrication and ohmic
contact technologies. On the other hand, Si technology has al-
ready reached a fair level of maturity. Moreover, compared
with SiC, InP and GaN wafers, Si wafers are easily available
and cost effective. This is why semiconductor devices fabri-
cated on Si have dominated the solid-state electronics industry
for the last three decades. The main drawbacks of conventional
Si IMPATTs are their low power output and low efficiency in
the higher MM-wave region. In this paper, we have proposed
a way to solve this problem by using a material pair, which
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has distinctly different band gap energy and tolerable lattice
mismatching, for developing DDR IMPATT diodes. In recent
times, research and development of a Si/Ge hetero-junction
based device has been reported®]. The advance in semicon-
ductor technology has made it possible to grow a thin multi
layer device leading to the concept of hetero-junction devices.

The simulation of the dynamic properties of n-Si/p-Ge
as well as p-Si/n-Ge asymmetrical hetero-junction IMPATTs
along with Si and Ge homo-junction IMPATTs are studied and
compared via a generalized simulation technique that we have
developed. To the best of our knowledge, this is the first re-
port of hetero-junction IMPATT diodes based on Si/Ge mate-
rial systems.

2. Device modeling scheme

The IMPATT diode is basically a p—n junction diode that
operates when it is reverse-biased to avalanche breakdown con-
ditions. A schematic diagram of a hetero-junction IMPATT is
shown in Fig. 1. A one-dimensional model of the p—n junc-
tion has been considered in the present analysis. The follow-
ing assumptions have been made in the simulation of DC and
small signal behavior of the double drift region (DDR) IM-
PATT diodes: (1) the electron and hole velocities have been
taken to be saturated considering an appropriate punch through
factor and thus independent of the electric field throughout the
space-charge layer, (2) the effect of carrier space-charge has
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Fig. 1. Schematic diagram of heterojunction Si/Ge and Ge/Si IM-
PATTs at W-band.

been considered, (3) the effect of carrier diffusion has been
considered, and (4) the effect of parasitic resistance is incor-
porated into the analysis.

2.1. DC analysis

The DC method, described in detail elsewhere!®), consid-
ers a generalized (n™ Tnpp* ™) structure. Here, n™+ and p*+
are highly doped substrates and n and p are epilayers. Sum-
marily, in the DC method, the computation starts from the
field maximum near the metallurgical junction. The distribu-
tion of dc electric field and carrier currents in the depletion
layer are obtained by a double-iterative simulation method,
which involves iteration over the magnitude of the field maxi-
mum (Ep,), and its location near the junction within the deple-
tion layer. The method is used for the simultaneous solution
of Poisson and carrier continuity equations at each point in the
depletion layer. The field boundary conditions are given by

E(—x1) =0, E(+x5)=0. (1)

Here, —x; and x; represent the edges of the depletion layer
in the n and p regions, respectively.

The boundary conditions for normalized current density
P(x) are given by

P(—x1) =(1/M,—=1), P(x2) =1 —-1/My). (2)

M, = J/Ju, My = J [ Jps, where Jys and Jps are electron
and hole leakage current densities, respectively. M, and M, are
hole and electron current multiplication factors, respectively.

P = (J, —Jn)/J, where J, = hole current density, J, =
electron current density and J = total current density.

Thus the DC field and carrier current profiles are ob-
tained by solving Poisson and carrier continuity equations,
when boundary conditions (1) and (2) are satisfied. The realis-
tic field dependence of electron and hole ionization rates, car-
rier mobility and the saturated drift velocities of electron (vs, )
and hole (vs, ,) in Si and Gel”-#] are used in the computation of
the profiles of electric field and carrier currents.

The RF conversion efficiency (1)) is calculated from the
semi-quantitative formula,

n (%) = 100Vp /7 Vs, (3)

where Vp = voltage drop across the drift region. Also, Vp =
Vg — Va, where V, = voltage drop across the avalanche region
and Vg = breakdown voltage.

The results of the DC analysis are then used in the small
signal analysis, described briefly in the next sub-section.

2.2. Small signal RF-analysis

The small signal analysis of the IMPATT diode provides
insight into the high frequency performance of the diode. The
range of frequencies exhibiting negative conductance of the
diode can easily be computed by the Gummel-Blue method%].
From the dc field and current profiles, the spatially depen-
dent ionization rates that appear in the Gummel-Blue equa-
tions are evaluated, and fed as input data into the small sig-
nal analysis. The edges of the depletion layer of the diode,
which are fixed by the dc analysis, are taken as the starting and
end points for the small signal analysis. On splitting the diode
impedance Z(x, w) obtained from the Gummel-Blue method,
into its real part R(x, w) and imaginary part X (x, o), two dif-
ferential equations are framed(!!-12]. A double-iterative simu-
lation scheme incorporating a modified Runge-Kutta method
is used to solve these two equations simultaneously. The small
signal integrated parameter, like negative conductance (-G),
susceptance (B), impedance (Z), frequency band width, and
the quality factor (Q) of the diode, are obtained, satisfying the
boundary conditions derived elsewhere!! 1.

The simulation method provides the high-frequency neg-
ative resistance and negative reactance profiles in the space-
charge layer of the device. The diode negative resistance (—Z g)
and reactance (—Zy ) are computed through numerical integra-
tion of the —R(x) and —X(x) profiles over the active space-
charge layer.

Thus
x2
Zr = - / Rdx. )
—xs
and
X2
ZX = — de (5)
—xs

The diode impedance Z is given by

Z(w) = —f : Z(x.0) = —Zg +iZx. ()

—Xx2

The diode admittance is expressed as

Y=1/Z=-G+jB=1/(-Zr +jZx), @)

where —=G = —Zg/(Z% + Z3) and B = Zx [(Z% + Z3).

It may be noted that both —G and B are normalized to the
area of the diode.

The avalanche frequency (f;) is the frequency at which
the imaginary part, susceptance (B) of the admittance changes
its nature from inductive to capacitive. Again, it is the mini-
mum frequency at which the real part, conductance (G) of the
admittance becomes negative. At the avalanche frequency, os-
cillation starts to build up in the circuit.

The small signal quality factor (Q) is defined as the ratio
of the imaginary part of the admittance to the real part of the
admittance (at the peak frequency), i.e., —Q, = (Bp/-Gy).
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Table 1. Design parameters of Si, Ge, Si/Ge and Ge/Si based MM-wave IMPATTs.

Design frequency  Structural parameters Si Ge (n-)Si/(p-)Ge (n-)Ge/(p-)Si
band (Homo-junction)  (Homo-junction)  (Hetero-junction)  (Hetero-junction)
Ka band Background doping concentra- 2.7 2.0 3.0 5.0
tion (n-side) (10?2 m~3)
Background doping concentra- 3.3 2.0 4.5 3.0
tion (p-side)(10%2 m~3)
Depletion region width (n-side) 1.5 1.0 0.50 0.48
(pum)
Depletion region width (p-side) 1.5 1.0 0.48 0.50
(nm)
Bias current density (107 A/m?) 3.5 4.0 1.0 1.0
Substrate doping concentration 1.0 1.0 1.0 1.0
(1026 m73)
V band Background doping concentra- 7.0 3.8 7.5 9.0
tion (n-side) (1022 m—3)
Background doping concentra- 7.8 3.8 9.0 8.0
tion (p-side) (10?2 m~3)
Depletion region width (n-side) 0.5 0.6 0.25 0.25
(pem)
Depletion region width (p-side) 0.5 0.6 0.25 0.25
(pum)
Bias current density (107 A/m?) 7.0 7.0 5.0 5.0
Substrate doping concentration 1.0 1.0 1.0 1.0
(1026 m—3)
W band Background doping concentra- 13.0 8.0 18.0 16.0
tion (n-side) (10?2 m~3)
Background doping concentra-  16.0 8.5 23.0 12.0
tion (p-side) (1022 m™3)
Depletion region width (n-side) 0.3 0.26 0.13 0.15
(pum)
Depletion region width (p-side) 0.25 0.25 0.13 0.18
(um)
Bias current density (107 A/m?) 8.0 8.0 10.0 10.0
Substrate doping concentration 1.0 1.0 1.0 1.0

(1026 m73)

At a given bias current density, the peak frequency ( f,) is
the frequency at which the negative conductance of the diode
is at a maximum, and the quality factor is at a minimum.

At resonance, the maximum RF power output (Pgrp)
from the device is obtained from the expression'3 Pgp =
(Vre?Gp)/2, where Vir (amplitude of the RF swing) is taken
as Vp/2, assuming a 50% modulation of the breakdown voltage
Vs. The diode negative conductance at the optimum frequency
(-Gy) is normalized to the area of the diode. The role of para-
sitic positive series resistance is also considered for calculating
realistic values of Pgrr.

3. Results and discussions

The structural parameters of MM-wave optimized diodes
are shown in Table 1. Background doping concentrations
and current densities are optimized for an appropriate punch-
through factor'2l. The electric field profiles of the diodes at
Ka band, V band and W band are shown in Figs. 2(a)-2(c). It
is observed from the figures that in each case, the electric field
maximum in homo-junction Si IMPATTs is higher than in other
diodes. The same observation is reflected in Table 2, where
the DC and high-frequency properties of the different IMPATT
diodes at the Ka band, V band and W band are depicted. It is

also observed that the breakdown voltages in Si homo-junction
devices are 35V, 19 V and 17V, respectively at the Ka band, V
band and W band. These values are higher than its Ge, n-Si/p-
Ge and n-Ge/p-Si counterparts. However, it is very interest-
ing to note that in the case of n-Si/p-Ge and n-Ge/p-Si hetero-
junction diodes, the voltage across the avalanche region (V)
has been decreased significantly. It is found that in Si and Ge
homo-junction diodes, V, are 24 V and 15.6 V at the Ka band,
13.5 Vand 10.1 V at the V band and 8.5 V and 6.1 V at the W
band. Whereas in the case of n-Si/p-Ge and n-Ge/p-Si diodes, it
decreases t0 9.1V, 5.35 V at the Ka band, 5.45V, 3.93 V at the
V band and 3.3 V and 2.8 V at the W band. If one observes the
electron and hole ionization rate in silicon and germanium, the
hole ionization rate in Ge is observed to be considerably higher
compared with the other three corresponding values. The x,/W
and V, in the case of a n-Ge/p-Si hetero junction becomes the
minimum as a high value of hole ionization rate in Ge aug-
ments the charge multiplication process and therefore localizes
the avalanche zone in the hole initiated n-Ge layer of this het-
ero junction. This reduction of V, increases the drift voltage
drop in the case of hetero-junction IMPATTs, which in turn in-
creases the efficiency. From the simulation studies, it is clear
that in the case of hetero-junction diodes, the normalized drift
voltage drop is quite a lot higher than its homo-junction coun-
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Fig. 2. Electric field profiles of heterojunction and homo-junction IMPATT diodes at (a) Ka band, (b) V band, and (¢) W band.

Table 2. Simulation results of MM-wave homo-junction and hetero-junction IMPATT diodes

Design DC results High-frequency results

frequency ~ PPRIMPATTs based on —po—p———p = —— = 72— G, —0p  Pam  —Zrr TRs

band V) V) (%) (107 (GHz) (106 (10®  (o~% (108

V/m) S/m?) W/m?) Qm?) Qm?)

Ka-band Si (Homo-junction) 350 240 314 410 10.0 365 6.5 1.2 1.0 5.1 0.55
Ge (Homo-junction) 29.4 15.6 47.0 2.4 14.9 39.0 5.63 2.1 0.61 32 0.58
(n-)Si/(p-)Ge  (Hetero- 18.0 9.1 50.0 3.0 16.0 30.0 14.0 1.6 0.6 2.0 0.23
junction)
(n-)Ge/(p-)Si  (Hetero-  18.7 5.35 71.3 3.14 23.0 28.0 23.0 0.3 1.05 4.1 0.75
junction)

V-band Si (Homo-junction) 19.0 135 28,0 463 95 63.0 200 25 0.9 0.57 023
Ge (Homo-junction) 18.7 10.1 46.0 2.7 14.6 62.0 14.2 2.3 0.6 1.14 0.204
(n-)Si/(p-)Ge  (Hetero- 104 545 470 34 15.2 66.0 507 1.4 0.7 0.65  0.145
junction)
(n-)Ge/(p-)Si  (Hetero- 10.6 393  63.0 347 22,0 680 713 1.1 1.1 0.66  0.188
junction)

W-band Si (Homo-junction) 170 85 2923 485 93 945 270 4.1 0.9 2.1 0.70
Ge (Homo-junction) 9.88 6.07 38.56  3.07 12.3 94.0 19.5 6.5 0.24 1.0 0.16
(n-)Si/(p-)Ge  (Hetero- 6.12 327  46.57 4.03 14.8 94.0 1550 14 080 2.04 05
junction)
(n-)Ge/(p-)Si  (Hetero- 8.62 280 67.52 3.86 215 94.0 164.0 0.7 1.4 486 241
junction)

terparts. It is found that in n-Si/p-Ge and n-Ge/p-Si IMPATTs,
the normalized drift voltage drops are 50%, 71.3% at the Ka
band, 47.0%, 63.0% at the D band and 46.57% and 67.52%
at the W band, which are significantly higher than those in Si

and Ge homo-junction diodes, as shown in Table 2. It is ob-
served from the comparative analysis that the RF conversion
efficiency in Si IMPATTs is 10%, 9.5% and 9.3%, respectively
for Ka-band, V-band and W-band operation, whereas the same
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Fig. 3. Admittance plots of (a) Ka band, (b) V band and (c) W band
hetero-junction and homo-junction IMPATTs. Junction temperature is
500 K.

in Ge IMPATTs are 14.9%, 14.6% and 12.3%, respectively for
Ka-band, V-band and W-band operation. However, it increases
to a much higher level in hetero-junction devices. The study
depicts that for Ka-band operation, the device efficiencies are
16% and 23%, respectively, for n-Si/p-Ge and n-Ge/p-Si IM-
PATTs. For V-band operation, the same are 15.2% and 22%,
and for W-band operation, they are 14.8% and ~22%, in case of
n-Si/p-Ge and n-Ge/p-Si IMPATTs. So, in terms of RF conver-
sion efficiency, hetero-junction IMPAT Ts are performing much
better than their homo-junction counterparts at all three impor-
tant MM-wave frequency bands. Among the two complemen-
tary hetero junction DDs, the n-Ge/p-Si is expected to perform
better than its counterpart.

Figures 3(a)-3(c) compare the admittance characteristics
of all designed diodes at the Ka band, V band and W band. It

@ tos
o 0.6 ©
g £
3 3
= Hoa &
N o

Jo02

0

14}
-12F
T -lor
S 08|
s
= 06}
er
04
02}
0
40
08 F
~ 06} ~
£ E
& )
L 04t z
02}
0
60

Frequency (GHz)

Fig. 4. Variation of negative resistance and parasitic resistance with
frequency in (a) Ka band, (b) V band, and (¢) W band homo-junction
and hetero-junction IMPATTs. Junction temperature is 500 K.

is observed at all three frequency bands that negative conduc-
tance is much higher in hetero-junction diodes than in homo-
junction diodes. Negative conductance of all the diodes in-
creases initially up to the peak operating frequency, then it de-
creases as expected. Diode susceptance increases continuously
with frequency. It is interesting to see from Table 2 that the
quality factor of the diodes improves (decreases) significantly
when we are using hetero-junction diodes. This indicates that
in the MM-wave region, signal generation stability from hetero
junction IMPATTs will be far better than their homo-junction
counterparts. Negative resistances (Zr) and parasitic positive
resistances (Rg) of the devices are shown in Figs. 4(a)—4(c)
for Ka-band, V-band and W-band devices. It is found that in
the case of n-Ge/p-Si hetero-junction IMPATTs, device nega-
tive resistances are 4.10 x 1078 ©-m?2, 0.66 x 108 Q-m? and
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Fig. 5. Variation of RF power and frequency in hetero-junction and
homo-junction DDR IMPATTs at (a) Ka band, (b) V band and (c) W
band. Junction temperature is 500 K.

4.86 x 1078 Q-m?, respectively for Ka-band, V-band and W-
band devices—far better compared with their homo-junctions
and other hetero-junction counterparts. It is interesting to ob-
serve that for high-frequency operation (W band), the negative
resistance of the devices decreases significantly but n-Ge/p-Si
hetero-junction IMPATTs still show a high value of negative
resistance ~4.86 x 1078 Q.m?2. In the case of all the diodes,
positive series resistance is found to be smaller compared with
their negative resistances. This is an essential condition for os-
cillation to take place.

The variation in RF power with frequency for all the MM-

wave diodes is shown in Figs. 5(a)-5(c). It is interesting to
observe that n-Ge/p-Si hetero-junction IMPATTs may produce
1.0 x 10° W/m?, 1.1 x 10° W/m? and 1.4 x 10° W/m? of
RF power densities at the Ka band, V band and W band,
which are much higher than Si, Ge and n-Si/p-Ge devices at
the corresponding frequencies. Thus in terms of power output
and efficiency, hetero-junction IMPATTs, particularly n-Ge/p-
Si hetero-junction diodes are performing much better than oth-
ers. The results mentioned here may provide due impetus for
the fabrication of hetero junction IMPATTs for operation in the
MM-wave range. Already some results have appeared in the
literature that indicate this trend. The following section gives a
proposed fabrication methodology.

4. Proposed fabrication techniques

A Si/Ge hetero-junction diode may be fabricated by de-
positing p-Ge thin films on n-Si substrates using molecular
beam epitaxy and electron beam evaporation techniques(!*l.
The fabrication simplicity and absence of high-temperature dif-
fusion processes may be taken as favorable parameters for n-
Ge/p-Si hetero-junction devices for use as detectors in the vis-
ible and IR ranges: 500 to 1800 nm. Reports indicate that the
crystal mismatch (about 4.2%) between Ge and Si can be re-
duced by varying the Ge proportion layer width in Ge,Si;—x
and Ge;_,C, combinations as well as by post-deposition ther-
mal annealing!!®]. Ge films (100-200 nm thick) can be de-
posited on n-type silicon substrates (p: 1.5-20 -cm) by both
E-beam evaporation (CHA: base pressure of 3 x 107 Torr),
and molecular beam epitaxy (MBE: base pressure 8 x 1076
Torr). The films were found to be p-doped (p: 0.06—-1 Q2-cm),
as grown. The growth temperature for MBE and E-beam evap-
oration is 375 + 25 °C and 300 £+ 10 °C, respectively. The
growth of Ge on Si, using MBE, can be monitored by reflection
high energy electron diffraction (RHEED). The crystal quality
and strain of grown Ge/Si structures is probed by ex situ X-
ray diffraction (both 626 and rocking curves) using CuKa;
(1.5406 A) radiation in a double-axis Bede3 diffractometer.
The electrical and optical properties of both large (5 x 5 mm?)
and 200 x 200 .zm? mesa p—n junctions have also been studied.
Ohmic contacts are made on Si through Ti/Al and on Ge using
silver and Au/Pd!'®). The etch pit density is significantly lower
in the MBE samples (5 x 108 cm™2) compared with E-beam
samples (2 x 101 cm™2). The appreciable performance of the
p—n junction diode is expected to provide a drive for fabrication
of hetero-junction based IMPATT diodes.

5. Conclusion

This study throws light on the static and dynamic charac-
teristics of Si, Ge, Si/Ge and Ge/Si IMPATT diodes. Both of the
complementary hetero-junction diode structures may be taken
as better RF generators compared to homo junction Si and Ge
IMPATTs. It is observed that the MM-wave performance of n-
Ge/p-Si hetero-junction IMPATTs may become the best and
thus would be extremely useful for MM-wave power gener-
ation at Ka-band, V-band and W-band frequencies.
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