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ABSTRACT

" In this paper, observation of the negative differential resistance (NDR) phenomenon in a three-
terminal pseudomorphic i-Si/i-Geg 4Sig ¢/-doped-Si heterostructure is reported. The proposed structure
offers high hole mobility of about 2650 cm?* Vs at 77 K in the Geg 4Sig ¢ channel and shows a pronounced
NDR property in the drain-source I-V characteristics. The measured onset drain-source voltage of the
NDR region is found to be within a range of 0.9~1.4 V, which strongly depends on the collector voltage.
Real-space transfer (RST) of light holes between the channel and collector regions is shown to be responsible
for the observed NDR characteristics. Experiment results and the device operation are described. In
addition, the influence of the drain-collector leakage current, due to a non-ideal undoped layer, on the

NDR behavior is analyzed.
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l. Introduction

Real-space transfer (RST) of electrons (or holes)
in semiconductor heterostructures has attracted increas-
ing attention because adjustment of the electron dis-
tribution with respect to energy occurs very rapidly
(Luryi et al., 1990; Luryi, 1991; Katalsky er al., 1986a,
1986b), which is very attractive for switching, micro-
wave, and memory devices applications (Daembkes et
al., 1986; Patton et al., 1988; Luryi ef al., 1986, 1990).
Essentially, RST is a thermionic emission of hot car-
riers in a direction perpendicular to the external applied
electric field for channel carrier acceleration. The main
body of RST devices consist of, at least, a channel
region in which hot carriers are generated, a barrier
region in which cold channel carriers are confined, and
a collector region in which hot carriers thermally injected
over the barrier are collected.

RST in multilayer heterostructures was first
postulated by Gribnikov (1973) and Hess et al. (1979)
and subsequently realized by Keever et al. (1981) in
a modulation-doped AlGaAs heterostructure. Since
these pioneering works, a variety of experimental and
theoretical studies on related devices, such as the
negative resistance field-effect transistor (NERFET)
and charge-injection transistors (CHINT) (Kastalsky et

al., 1984, 1986a, 1986b; Vinter and Tardella, 1987),
have been reported in the literature. So far, experi-
mental work on RST devices has mainly focused on
III-V compounded semiconductors, such as AlGaAs/
GaAs, InGaAs/GaAs, and InAlAs/InP material sys-
tems. However, the RST effect in these materials is
liable to be accompanied by momentum-space (k-space)
transfer due to intervalley scattering, which may sig-
nificantly slow down the RST process (Kizilyalli and
Hess, 1989).

With advancements in silicon molecular beam
epitaxy (Si-MBE) technology, device quality strained
Ge,Si_,/Si heterostructures have now become pos-
sible. The strained Ge,Si;_,/Si heterostructure has a
small light-hole effective mass, a large valence band
offset, and, in particular, is free of k-space transfer due
to its large intervalley separation. It, thus, offers a
promising choice for the fabrication of RST devices.
Most important, it opens a new era for the realization
of ultra-high speed devices using Si technology.

To the authors’ knowledge, Mensz er al. (1990)
first reported observation of RST of hot holes in a
strained Geg,Sig s/Si heterostructure. In their struc-
ture, hot holes faced a reverse-biased np (collector-
substrate) junction after they were thermally injected
over an n-Si barrier layer. The negative differential
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resistance (NDR) phenomenon in the source-drain char-
acteristics was primarily caused by the buildup of RST
hot holes in the collector region, which resulted in
drastic depletion of the conduction channel.

In this paper, a novel i-Si/i-Ge 4Sig ¢/6-doped Si
structure with a drift electric field developing on the
barrier layer for the RST process, as opposed to use
of an np junction, is proposed. Experimental measure-
ments show that the proposed structure provides sig-
nificant improvement in hole mobility especially at low
temperatures, which is expected to lead to a better RST
effect. The basic device operation principle and ex-
perimental drain-source I-V characteristics measured
at 300 K and 77 K will be analyzed and discussed. In
particular, the influence of the drain-collector leakage
current on the NDR performance of the drain-source
characteristics will also be investigated.

Il. Experiment

A cross section of the proposed device structure
is shown schematically in Fig. 1. Essentially, the
present device is analogous to a p-channel FET but has
a collector-up structure. The 150 A-thick undoped
Ge 4Sig ¢ layer comprises the conducting channel with
carriers (holes) supplied from a close proximity boron
O-doping. The p-channel was chosen since most of the
Ge,Si;_,/Si band offset distinctly lies in the valence
band, which is favorable for hole transport (Kastalsky
et al., 1984).

The epitaxial layers were grown on (100) p*-Si
substrates using a Vieetech molecular beam epitaxy
(MBE) system. The Si substrates were cleaned using
a standard cleaning process. Before growth, in-situ
thermal cleaning conducted for 10 minutes at 900 °C
is to remove the native oxide layer from the Si sub-
strate. The substrate was then cooled down to 500 °C
for epitaxial growth of coherently strained Ge,Si;_,
layers. The layer sequence consisted of an undoped
Si buffer layer of 5000 A-thickness, a boron S-doped
layer (with a sheet carrier density of 5x10!> cm™),
followed by a 70 A-thick undoped Si spacer, a 150 A-
thick undoped strained Geg 4Sig¢ channel layer, and a
500 A-thick undoped Si layer, which served as a barrier
region for the RST of channel carriers.

Note that the distance between the channel layer
and the boron d-doped layer plays a crucial role in
determining the number of carriers which can be trans-
ferred from the d-doped region to the channel region
at thermal equilibrium. Based on self-consistent cal-
culations, an optimum value of 70 A was employed
here, which enabled the undoped Geg 4Sig ¢ conducting
channel to have about 85% of the total number of
carriers from the underneath §-doping region in equi-
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Fig. 1. Schematic cross section of the layer structure and the contact
, geometry of the device. The device had a collector area of
5%300 um?, and the drain and source space was 10 um.

librium.

Above the i-Si (500 A) barrier layer, in order to
obtain good ohmic contact with the collector, a cap
layer, consisting of a 100 A-thick undoped Geg 4Sigg
spacer layer, a heavily boron doped 150 A-thick
Ge 4Sig ¢ layer, and a 3000 A-thick p* (boron)-Si layer,
was grown. Here, the 100 A-thick undoped Geg 4Sigg
spacer layer was used to block possible out-diffusion
of boron from the above p*-Geg4Sig¢ layer. The 3000
A-thick p* (boron)-Si capped layer not only provided
a good ohmic contact with the collector metal but also
acted as a potential barrier on the collector side to
prevent possible hot holes from reflecting back to the
channel region. Note that the background doping of
the grown undoped layers was on the order of about
10" cm™ (n-type).

In the compressively-strained Geg4Sigg channel
layer, light hole and heavy hole valence bands are split
due to different mass quantization and the compressive
strain. In the channel region, the light hole band lies
below the heavy hole band, which results in different
potential barrier heights for the RST of light and heavy
holes. Following the theoretical calculation proposed
by People (1986), the Ge content chosen (x=0.4) pro-
vided a RST potential barrier height of 270 meV and
339 meV for light and heavy holes, respectively. The
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smaller RST barrier height of the light holes along with
the smaller effective mass and higher mobility of the
latter, as compared to that of the heavy holes, suggests
that the RST characteristics will be dominated by the
light holes. It is worthy of noting that the higher Ge
composition in the strained Ge,Si,_, conduction chan-
nel is preferred for study of hot hole RST properties
due to the increase of hole mobility with the Ge mole
fraction x. However, a compromise should be made
between the Ge mole fraction and the critical thickness
limitation (People, 1986; Luryi et al., 1990).
Standard photolithography was used in device
fabrication. Rapid thermal processing was used in all
the high temperature steps to minimize the thermal
relaxation of the strained Geg4Sige layers. Device
processing began with definition of the device area
through deep mesa etching, followed by removal of the
cap layer for drain and source contacts by means of
properly controlled wet chemical mesa etching. Al was
used for ohmic drain/source and collector contact
metallization. The device had a collector area of a
5%300 um?, and the drain and source space was 10 ym.
It should be noted that various post-metal sinter-
ing conditions have been carefully investigated to obtain
ohmic drain/source contacts with the conduction chan-
nel. Note that this is the most critical step during device
fabrication. Improper sintering conditions may result
in reach-through between the drain/source contact and
the substrate. The optimum conditions obtained so far
for both the drain/source and collector contacts is
sintering in forming gas at 450 °C for about 10 s.

lil. Results and Discussion

Due to the higher Ge content in the channel region
with carriers provided by close proximate boron §-
doping, the present structure was expected to have both
higher hole density and greater mobility. Based on the
Hall measurement, the hole mobility and the sheet
carrier density in the channel were about 2650 (830)
cm?/V-s and 1.2x10" cm™ (2.5x%10" cm™) at 77 K (300
K), respectively. Note that the hole mobility at 77 K
was about 3.1 times that at 300 K. The smaller carrier
density at 77 K as compared to that at 300 K might
have been due to the freeze-out effect (Carns er al.,
1993; Wang et al., 1994) of the 8-doping.

Figure 2(a) and (b) show the measured Ip—Vp
characteristics under different negative collector volt-
ages at 300 K and 77 K, respectively. The I-V curves
were obtained using a Tektronix type 370A curve tracer.
At 77 K, the fabricated device exhibited NDR behavior
even when V=0 V (the bottom curve). Since the
effective potential barrier for the RST of light holes
in the Geg4Sig e could be effectively reduced by in-

Fig. 2. Drain characteristics Ip versus Vp at various negative col-
Iector voltages at (a) 300 K and (b) 77 K. The collector
voltage was increased in steps of -0.5 V and -0.2 V for the
300 K and 77 K I-V characteristics, respectively.

creasing the collector voltage (as will be explained
later), the onset voltage of the NDR characteristics, V,,
decreased with increasing V. Values of V, from 0.9

© Vto 1.3 V were observed as shown in Fig. 2(b) when

V¢ was increased from 0 V to -0.6 V. In general, Vy
depended primarily on both the heating efficiency of
the holes in the conducting channel and the potential
barrier height for the RST process.

The onset voltages for the NDR in the proposed
structure occurred at elatively lower drain voltages as
compared to Mensz’s results (Mensz et al., 1990). The
reason for this may have been that (1) the use of higher
Ge content in the conducting channel favored the heating
efficiency of RST light holes, and that (2) the appli-
cation of V. and Vp resulted in a lower barrier for the
RST light holes.

For the Ip—Vp curve obtained at 77 K, the hys-
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Fig. 3. Schematic valence-band diagrams of the device near the
source and the drain regions under positive drain (Vp) and
negative collector (V) biases. For convenience, the hole
energy is shown as positive.

teresis within the NDR region might have arisen due
to the occurrence of a switching mechanism (Kinder
et al., 1991) in the drain circuit.

The operation theory of the proposed structure can
be qualitatively explained using the schematic hole
energy band diagrams shown in Fig. 3. In this figure,
for convenience, the hole energy is shown as positive,
and only the light hole energy band is shown in the
strained layers. The curves labeled (a) and (b) denote
the energy band diagrams near the source under thermal
equilibrium and under a negative V. biased condition,
respectively. The curve labeled (c) denotes the energy
band diagram near the drain when a positive Vp was
applied. Note that the external applied voltages Vp and
Ve refer to the source electrode, which was kept at the
ground potential.

For a small Vp, the device behaved just like a
normally-on p-channel FET. Under low-field condi-
tions, the gain in the kinetic energies of the light holes
(along the direction perpendicular to the conducting
channel) due to “effective scattering” during move-
ment in the conducting channel was small; accordingly,
the RST effect was negligible. As Vp increased, the
extent od effective scattering increased, and the hole
temperature, 7T, (approximately proportional to the
square of the heating electric field along the channel
(Luryi, 1991)), increases. When T}, was high enough,
thermionic emission of hot carriers from the conduct-
ing channel occurred, followed by collection in the
collector electrode; as a result, an RST current began
to flow in the collector electrode. This RST current

can be regarded as an extraction of the drain-source
current. When Vp exceeded V,, the RST current became
sufficiently large, and the drain current I, exhibited
a significant drop; consequently, this gives rise to an
NDR region in the drain-source I-V characteristics.

Consider now the case where a negative V. was
applied. A negative V( created a downhill potential
in the barrier region (the curve labeled (b) in Fig. 3),
analogous to the Schottky effect, and the drift electric
field in the barrier region resulted in a lowering of the

. effective RST potential barrier height. Thus, V, de-

creased with the increase of V.. Note that for the
particular case of V=0 V, as indicated by curve (c)
in Fig. 3, a positive heating voltage Vp gave rise to
a drift electric field in the barrier region near the drain,
which was beneficial for the RST of the hot holes
moving from the channel to the collector. The drift
electric field in the barrier region near the drain was
strongly enhanced when both V¢ and Vp were applied
simultaneously. Obviously, without such a drift elec-
tric field, especially for the case where the collector
is grounded, hot carriers thermionically injected over
the barrier region might have an opportunity to traverse
back to the channel region, which will result in a
degraded RST effect.

" The present structure showed a low peak-to-val-
ley current ratio (PVR) (~1.1) for the NDR at 77 K and
no NDR behavior at 300 K. Based on the experimental
measurements, it was found that the existence of a
leakage current between the drain and the collector
regions might have been responsible for the low PVR
at 77 K. In addition, this leakage current might have
been large enough to overwhelm the RST current at
300 K. The possible origin of the drain-collector leakage
current might have been (1) the existence of a drain-
collector conducting path and/or (2) the occurrence of
partial relaxation in the strained GeSi layers. At
77 K, this leakage current inevitably degraded the PVR
of the NDR characteristic. At 300 K, however, the
drain-collector leakage current might have been much
higher than the drain-source current, resulting in sup-
pression of the NDR behavior in the drain-source
characteristics caused by RST.

The partial relaxation of the strained GeSi layers
may have resulted from the high temperature process-
ing steps (e.g., thermal annealing of contact metal)
during device fabrication. Relaxation of the strained
Ge,Si;_, layers induced a significant number of inter-
face states at the GeSi/Si heterointerface, strongly
impairing device performance. Since rapid thermal
processing was used in the device fabrication to reduce
possible thermal relaxation, the second leakage current
component should have been relatively smaller and is
neglected here. The drain-collector conduction path
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Ip (mA)

Drain — Source Current
-+

0.5 1.0 .5 20 25
Drain— Collector Voltage (V)

0 1 L I !
0.0 0.5 1.0 1.5 2.0 2.5

Drain— SourceVoltage Vp, (V)

Fig. 4. The Ip-Vp characteristics after removing the drain-collector
leakage current under different negative collector voltages
at 300 K. The inset shows the drain-collector leakage current
measured at 300 K.

may have arisen because the background carrier con-
centration in the MBE grown undoped Si barrier was
on the order of 10" cm™ (p-type). Such a large drain-
collector current is thought to dominate the leakage

current for cases in which a negative collector voltage.

is applied.

To confirm the above statement, we measured the
drain-collector leakage current during measurement of
the Ip—Vp characteristics. By subtracting the corre-
sponding collector leakage current (see the inset in Fig.
4) from the drain current I, the Ip—Vp characteristic,
after removing the drain-collector leakage current at
300 K, can be determined and is shown in Fig. 4. It
is very encouraging to find that the clean Ip—Vp curves
show a pronounced NDR characteristic. A similar
result is also found for the 77 K case but with a much
stronger NDR characteristic. The onset drain voltage
of the NDR in the clean Ip—Vj characteristic is also
seen to decrease with an increase in the collector voltage.
Based on the above analysis, it appears that a room
temperature RST NDR in a Ge,Si;_,/Si heterostructures
is possible once the drain-collector leakage current is
reduced. Obviously, further studies on device design
and process optimization are required to improve device
performance.

IV. Conclusion

In summary, the observation of the NDR charac-
teristic in a novel i-Si/i-Ge( 4Sige/0-doped-Si
heterostructure has been reported and explained by
considering real-space hot light hole transfer. The
proposed structure offers high channel conductance

with high sheet carrier concentration and high hole
mobility. A peak hole mobility of around 2650 cm?/
Vs and a PVR of around 1.1 have been obtained at
77 K. In addition, the origin and the influence of the
drain-collector leakage current have been investigated.
Our findings indicate that reduction of the parasitic
current is a key factor in realizing a zoom temperature
NDR based on a Si/Ge,Si;_, heterostructure. It is
expected that devices with much better performance
could be obtained by optimizing the layer structure and
reducing the background doping of the undoped layers.
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