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Abstract—A bipolar tunneling transistor has been fabricated in which
ohmic contact is made to the strained p* InGaAs quantum well of a
double-barrier resonant-tunneling structure. The heterojunction tran-
sistor consists of an n-GaAs emitter and collector, undoped AlAs tun-
nel barriers, and a pseudomorphic p* InGaAs quantum-well base. By
making ohmic contact to the p-type quantum well, the hole density in
the quantum-well base is used to modulate the base potential relative
to the emitter and collector terminals. With control of the quantum-
well potential, the tunneling current can be modulated by application
of a base-to-emitter potential. This paper details the physical and elec-
trical characteristics of the device. It is found that the base-emitter
voltages required to bias the transistor into resonance are well pre-
dicted by a self-consistent calculation of the electrostatic potential.

1. INTRODUCTION

HERE are physical limits to the minimum size at

which conventional transistors can operate [1], [2]. If
still smaller and faster electron devices are to be found,
then new transistor approaches are needed that are not
subject to the same physical size restrictions. Recently the
Bipolar Quantum Resonant-Tunneling Transistor (Bi-
QuaRTT) has been reported [3], [4]. In this three-terminal
resonant-tunneling device, tunneling transport is con-
trolled by varying the potential of the p-type quantum well
in a resonant-tunneling double-barrier (RTD) structure.
The BiQuaRTT does not circumvent the scaling limita-
tions of conventional transistor technology, but it is a pre-
cursor to other controlled-tunneling devices that could
function in a smaller physical space. In this paper, we
report the transport properties of an AlAs/InGaAs/AlAs
pseudomorphic BiQuARTT grown on GaAs.

Capasso et al. [5]-[7] have conceived of and demon-
strated a resonant-tunneling bipolar transistor (RTBT) that
has an undoped RTD embedded in the base of an other-
wise conventional heterojunction bipolar transistor. In the
RTBT the neutral p-type base layer supplies free holes to
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the undoped quantum well forming a two-dimensional (2-
D) hole gas; thus, the Fermi level in the RTD and the
neutral p-base are aligned. The tunneling current through
the device is controlled by application of base current
steps, but is also affected by changing the voltage between
collector and emitter since independent control of the res-
onant-tunneling condition is not provided.

In the BiQuaRTT, the p-doping is confined to the quan-
tum well; 2-D holes therein are used to control the poten-
tial between the base and the emitter. In this way the elec-
trostatic potential between the quantum well and the
emitter electron reservoir is used to set the tunneling con-
dition through the first tunnel barrier. This is a fundamen-
tal difference between the BiQuaRTT and RTBT concept.
In the BiQuaRTT, the resonance condition is controlled
by V,. independently of the collector-to-emitter voltage
V... The large 2-D holes gas density serves to screen the
electric field from the quantum well and thereby decreases
the modulation of the quantum-well eigenstates by the
collector-base field (Stark effect). In the BiQuaRTT, neg-
ative differential resistance (NDR) is not desired in the
common-emitter transistor characteristics while in the
RTBT the NDR is introduced by design. The double-bar-
rier structure in the BiQuaRTT is utilized to produce a
negative transconductance in the common-emitter transis-
tor characteristics without negative output conductance.
In fact, the collector conductance is relatively small, pro-
viding dc isolation between the base and collector, which
NDR devices conspicuously lack. This is preferred for
most compressed-function logic circuit applications.

Another RTBT device variation has been to place the
resonant-tunneling double barrier in the emitter of a bi-
polar transistor. Both one [8], [9] and two [10]-[12] dou-
ble-barrier structures have been integrated into the de-
vice. In this configuration, the transistor characteristics
are essentially described by the combination of an RTD
connected in series with the emitter of a bipolar transistor.

II. MATERIAL AND DEVICE STRUCTURE

The epitaxial material was grown by molecular-beam
epitaxy in a Riber MBE-2300 system. The layer design,
shown in Fig. 1, utilizes three different bandgaps across
the structure: the widest bandgap layer is used for the tun-
nel barriers while the higher bandgap of the emitter and
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300nm ntGaAs 2x1018 cm-3
200 n-GaAs 5x1017
25 GaAs UNDOPED
5 AlAs UNDOPED
5 InGaAs(x=0.23) UNDOPED
5 p+InGaAs(x=0.23) 1x 1019
5 InGaAs(x=0.23) UNDOPED
5 AlAs UNDOPED
25 GaAs UNDOPED
500 n-GaAs 2x1016
500 n+GaAs 2x1018

n+GaAs SUBSTRATE

Fig. 1. Pseudomorphic BiQuaRTT material structure.
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Fig. 2. Pseudomorphic BiQuaRTT energy band profile derived from a seif-consistent simulation. The structure is shown in (a) equilibrium and (b) under
bias to bring the emitter electron energy into resonance with the fourth allowed quantum well base state, V,, = 1.5V, V., = 2.5 V, 300 K. The
dashed lines designate the Fermi level position; the dotted lines designate the electron and hole states in the quantum well.

collector layer relative to the quantum well base serves to
confine the holes in the base at the high base-emitter volt-
ages necessary to bring the device into resonance. Mod-
erate emitter doping provides a relatively narrow emitter
electron energy distribution and a low valley current
through the tunneling structure. A lightly doped collector
layer is used to obtain a low base-collector conductance.

Starting from the substrate, the structure consists of a
500-nm n* GaAs buffer layer below a 500-nm n-GaAs
collector. The RTD base is symmetric about a 5-nm
InGaAs Be-doped layer in the center of the quantum well.
InGaAs spacer layers of 5 nm on either side of the 5-nm
Be-doped layer bring the quantum well width to 15 nm.
This Ing»3Gag 77As layer at a total thickness of 15 nm is
less than the critical layer thickness for dislocation for-
mation [13] and was chosen this large to ease the doping
and contacting requirements. AlAs tunnel barriers of 5-
nm thickness and 25-nm undoped GaAs spacer layers
bound the quantum well on either side. The thick undoped
layers are used in order to provide a neutral base with free
holes. (Thinner AlAs tunnel barriers should improve the
resonant tunneling characteristics of the device.) A 20-nm

GaAs emitter region, doped to 5 X 10'7 cm ™, is utilized

on top of the quantum-well base, followed by a 300-nm
n* contact layer.

Room-temperature energy band diagrams for the device
are shown in Fig. 2: (a) in equilibrium and (b) under bias
into resonance with ¥, = 1.55 Vand V,, = 2.0 V. The
n-type GaAs emitter is at left, with the p-type InGaAs
quantum well base in the center, and the n-GaAs collector
at the right. I'-point AlAs tunnel barriers are assumed.
The dashed lines indicate the Fermi level position, while
the dotted lines indicate the eigenstates for electrons or
holes within the well. These profiles are obtained from a
self-consistent (zero current) solution of Poisson’s equa-
tion for the electrostatic potential. The free-electron den-
sities in the emitter and collector are calculated from the
Fermi distribution for semiclassical electrons. The al-
lowed carrier energies in the base are obtained from a so-
lution of Schroedinger’s equation. The hole density in the
base is determined by integrating the product of the quan-
tum-well-base 2-D density of states and the Fermi distri-
bution in the base over energy.

From the energy band profiles it can be seen that the
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quantum-well contact can be used to reduce the potential
energy of the quantum-well electron states to the point
where they are equal with the electron energies in the
emitter. At this value of V,,, resonant tunneling across the
base can occur. Further increase in V), lowers the reso-
nant energy below the emitter electron energies, and the
tunneling current is suppressed. Thus with increasing V.,
a decreased collector current is expected and therefore a
negative transconductance [3].

A non-self-aligned process utilizing conventional pho-
tolithography and lift-off metallizations is used to form
the transistor. Contact to the quantum well is achieved by
implantation of Be. The triple Be implant of 1 X 10"
cm”? at energies of 30, 80, and 160 keV is sufficient to
convert the 2 X 10" em ™ n-type surface layer conduc-
tivity to p-type. The implantation is activated by rapid
thermal annealing (RTA) at 750°C for 10 s. The im-
planted base region is isolated from the emitter by wet
chemical etching to prevent the turn-on of the lateral base—
emitter p-n junction.

III. CHARACTERIZATION

Anomalous redistribution of Be in MBE-grown GaAs
has been previously reported [14], [15]. In the Bi-
QuaRTT, diffusion of Be beyond the quantum well must
be suppressed to ensure independent control of the quan-
tum-well potential. Secondary ion mass spectroscopy
(SIMS) was used to profile the physical concentration of
Be and Al in the BiQuaRTT material structure. The in-
tensity of the Al and Be signals as measured by SIMS is
shown in Fig. 3 and plotted as a function of sputtering
time into the structure. The Be signal appears within the
two Al peaks indicating that the Be has not diffused be-
yond the AlAs tunnel barriers. Further SIMS measure-
ments reveal that the Be remains confined to the quantum
well after RTA and that the implantation of Be extends to
the quantum well.

Hall-effect measurements were made on a bridge test
structure formed on a companion BiQuaRTT wafer with
a 25-nm quantum-well base to verify the existence of free
holes in the quantum-well base. An eight-contact bridge
specimen was formed by mesa etching through the n™ top
layer and the quantum-well base. As with the transistor
fabrication, ohmic contact to the quantum well was pro-
vided by implantation and RTA. Hall-effect measure-
ments (4 K) revealed a positive Hall voltage, indicating
p-type material and thus giving independent confirmation
of free holes in the base. A mobility of 780 cm?/Vs and
a hole density of 4 X 10'® cm ™ were inferred with simple
geometry and single-carrier assumptions.

IV. TraNSPORT CHARACTERISTICS

Common-emitter transistor characteristics for the pseu-
domorphic BiQuaRTT of (Fig. 1) are shown in Fig. 4.
The device shows a gain of approximately 13 at room
temperature with a maximum current density of 2.1 x 10°
A /em®. When the device cools to 77 K, the current den-
sity and gain are maintained although at higher base volt-
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Fig. 3. SIMS ptofile of the pseudomorphic BiQuaRTT showing concen-
tration profiles of singly ionized Be and doubly ionized Al.

Vce
(b)
Fig. 4. Pseudomorphic BiQuaRTT common-emitter transistor character-

istics at (a) room temperature and (b) 77 K. Emitter area is 9 um?; base-
to-emitter contact spacing is 7 pm.

ages. At 77 K, the emitter resistance is decreased (mobil-
ity enhancement) and the transition to the saturation
regions is more abrupt. At larger collector currents, a neg-
ative output conductance region is apparent. As will be-
come apparent, the negative conductance is not due to the
RTD structure, since it occurs at larger base-emitter volt-
ages than are required for resonant tunneling. (Our ex-
amination of this negative conductance indicates that it
arises from interband scattering in the GaAs or AlAs con-
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duction band.) A large collector-emitter offset voltage is
also apparent in Fig. 4 and occurs because of the large
series base resistance of the non-self-aligned process. For
low collector-emitter voltage (V, ~ <1.5 V) and for
the base currents shown (Fig. 4), the base-collector junc-
tion turns on before the base-emitter junction giving rise
to a negative collector current not visible in this quadrant
of the current-voltage characteristics.

Under base voltage bias, negative transconductance is
not observed; however, this can be understood in terms
of the material structure. Referring back to the energy
band diagram of Fig. 2(b), the first resonance can be pre-
dicted to occur through the n = 4 quantum well state at
Ve = 1.55 V. Additional resonances can be anticipated
at 1.73 and 2.13 V through the n = 5 and n = 6 eigen-
states and beyond. The device was therefore operated with
base voltage steps about this bias point. The resonances
are most readily distinguished by measuring the collector
current as V,, is monotonically increased with constant
V. = 2.5 V; see Fig. 5. With increasing V,,, the potential
energy of the allowed states in the quantum well is low-
ered with respect to the electrons in the emitter. In the
measurement at room temperature (dashed line), no evi-
dence of tunneling current modulation is observed. How-
ever, with the device cooled to 77 K, clear inflections in
the collector current are observed. By taking the deriva-
tive of the collector current with respect to the base-em-
itter voltage (right-hand axis of Fig. 5), we determine the
measured base-emitter voltages at resonance to be ap-
proximately 1.6, 1.9, and 2.4 V. This is in remarkable
agreement with the resonances expected from the electro-
static profile, 1.55, 1.73, and 2.13 V. Series resistance
pushes the measured inflections out to higher base-emit-
ter voltages, which is consistent with these measure-
ments. The fact that negative transconductance is not ob-
served implies that inelastic transport processes in this
device are comparable to the resonant-tunneling current.
This is due to the low resonant-tunneling current density
resulting from the thick AlAs barriers.

To understand more fully the transport characteristics
of this device, we measured the dependence of the base
and collector currents on V,, with the collector-base junc-
tion shorted together; see Fig. 6. Note first that transistor
gain is not obtained until the transistor V,, exceeds 2.4 V.
Neglecting dynamic transport effects, this is sufficient
voltage to allow transport across the device by thermionic
emission over the AlAs tunnel barriers. The thick 5-nm
AlAs barriers appear to inhibit current gain for lesser volt-
ages.

The measured base current i, is described by the ideal
diode relation, i, = i, exp (qVs.i/nkT), where i, is the
junction saturation current, 75 is the ideality factor, and
V}.: is the internal base-to-emitter voltage. The measured
V,. is given by V,, = V,; + i,[R, + (8 + 1)R,] where
R, is the base series resistance, R, is the emitter resis-
tance, and § is the transistor gain. Using these relations,
the base current characteristics were fit to the equation

Voe = (nkT/q) In (iy/i,) + i,(R, + R,)
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Fig. 5. Dependence of collector current on base-to-emitter voltage at V.,
= 2.5 V. The dashed line shows the collector current dependence at
room temperature, while the solid lines show the 77 K result. The deriv-
ative of the collector current with respect to the base-emitter voltage is
shown to emphasize the collector current inflections.
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Fig. 6. Gummel plot for the BiQuaRTT at room temperature. Emitter area
is 9 pm?; base-to-emitter contact spacing is 5 um. (Same transistor as
Fig. 5 measurement.)

where, in the region of the fit, 5 << 1. With an ideality
factor of n = 2, the fitted data are shown by the dashed
line in Fig. 6 where the free parameters become i, = 1.55
x 1077 A and R, = 830 Q. From an independent mea-
surement [16] on this same device, the room-temperature
emitter resistance is found to be 440 Q. We therefore ob-
tain a base resistance of 390 Q. This measurement of the
base resistance is consistent with the expected geometri-
cal resistance of the quantum well between the emitter and
base contacts. For this non-self-aligned process, the base-
to-emitter spacing is 5 um and accounts for the high base
resistance.

The fit in Fig. 6 is remarkably close for currents ex-
ceeding 0.1 pA. The excess current, occurring below 0.1
pA, is insensitive to surface treatment and shows a strong
temperature dependence (see Fig. 7), characteristic of
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Fig. 7. Temperature dependence of the base current with ¥, = 0 V. The
inset shows the temperature dependence of the base-emitter junction sat-
uration current with » = 2. (Same transistor as Fig. 5 measurement.)

generation through deep centers in the base-emitter tran-
sition region.

The temperature dependence of the base current is
shown in Fig. 7 (after [17]). The base resistance of the
device drops by several hundred ohms as the temperature
is decreased, presumably due to increasing mobility. If
each of the curves are fit as was done in Fig. 6, it is pos-
sible to obtain the base saturation current i, as a function
of temperature. A plot of the temperature dependence of
i, appears in the inset, from which an activation energy
of 0.86 eV is obtained. This energy is below the 1.12-eV
energy gap of bulk Ing,3;Gag 77As. The InGaAs layer is
under biaxial compression, which should increase the
bandgap by 50 to 100 meV [18]. The measured activation
energy of 0.86 eV then suggests that the saturation current
is determined by generation through mid-gap deep levels.
Twice 0.86 eV or 1.72 eV is equal to the total energy
required to move an electron from the InGaAs valence
band to the indirect X conduction band minimum of the
AlAs barriers. By fitting the data in this way, we do not
arrive at the energy for the tunneling transitions; how-
ever, these transitions are again apparent in the measured
data as inflections in the current-voltage characteristics.

V. DiscussioN

One can compare the superlattice BiQuaRTT of [3] with
the pseudomorphic BiQuARTT described here, as both
utilize a 15-nm quantum well, 5-nm tunnel barriers, and
have identical geometrical device structures. The out-
standing difference between these devices is that in
the superlattice BiQuaRTT, room-temperature negative
transconductance is observed, while in the pseudo-
morphic BiQuaRTT, the tunneling transport is consider-
ably weaker. This can be understood in terms of the struc-
tural differences between the devices; however, a
complete understanding of this class of quantum-well
transistor will require further experimental and theoretical
effort.
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The superlattice BiQuaRTT utilized 5-nm Alj 4Ga, ¢As
tunnel barriers compared with the 5-nm AlAs barriers de-
scribed in the present device. The AlAs barriers result in
a reduced resonant-tunneling current density since the
larger AlAs barrier height reduces the transmission en-
ergy width of the RTD.

In the superlattice BiQuaRTT, the emitter and collector
layers of the device are GaAs/Aly 4Gag ¢As superlattices.
These superlattices act to compress the energy distribu-
tion of electrons in the emitter and collector by the for-
mation of minibands. The width of the first miniband is
estimated to be approximately 9 meV. This can be ex-
pected to increase the peak-to-valley ratio of the RTD over
that of bulk emitter and collector layer of the same aver-
age composition. It may be possible to obtain negative
transconductance in this structure by tunneling the reso-
nant tunneling between the two superlattices.

Considerable lattitude for improvement of the pseudo-
morphic BiQuaRTT exists. The 5-nm AlAs tunnel bar-
riers can be thinned to provide more ideal I'-point tunnel
barriers with larger resonant-tunneling current density.
The 15-nm quantum-well thickness, which was intention-
ally made large to ease the contacting requirements, gives
rise to many quantum-well energy levels. This is undesir-
able for a large negative transconductance device. The
number of quantum-well states is readily reduced by thin-
ning the quantum well. The thinner base will require
higher quantum-well doping and a self-aligned transistor
geometry to minimize the base resistance.

VI. CONCLUSIONS

We have demonstrated a pseudomorphic BiQuaRTT in
which contact is made to a Be-doped quantum well. The
transport characteristics show evidence of tunneling-cur-
rent control by modification of the quantum-well poten-
tial. The voltages at which the transistor is biased into
resonance are well predicted by a self-consistent numeri-
cal simulation of the electrostatic potential. Measure-
ments of the temperature dependence of the device trans-
port characteristics indicate that improved device
performance can be expected with reduced base resistance
and thinner AlAs tunnel barriers.

Note added: The idea of contacting the p-doped quan-
tum well of an RTD to control the tunneling current has
been previously and independently conceived [19].
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