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The realization of collector-up light-emitting complementary charge injection transistors is
reported. The devices have been implemented in molecular-beam-epitaxy-grown n-InGaAs/
InAlAs/p-InGaAs and n-InGaAs/InP/p-InGaAs heterostructures using a self-aligned process
for the collector stripe definition. Electrons, injected over the wide-gap heterostructure barrier
(InAlAs or InP) by the real-space transfer (RST) process, luminesce in the low-doped p-type
InGaAs active layer. An essential feature of present devices, besides their self-aligned
collector-up configuration, is a relatively heavy doping of the n-type emitter channel, with the
sheet dopant concentration of 4 10'? cm ™2 This ensures a higher uniformity of the electric
field in the channel and provides a relief from RST instabilities at a high level of collector current
(linear density ~10 A/cm). Devices with InAlAs and InP barriers show rather different optical
characteristics, mainly due to the different band lineups AE/AEy in InGaAs/InAlAs and
InGaAs/InP heterostructures, leading to different ratios between the RST current and the
parasitic leakage of holes from the collector into the channel. At high RST current densities, the
effective carrier temperature T, in the active collector layer, determined from the high-energy
tails of the luminescence spectra, is strongly enhanced compared to the lattice temperature. This
decreases the device radiative efficiency and leads to a thermionic emission of carriers out of the

active layer.

I. INTRODUCTION

The charge injection transistor! (CHINT) is a three-
terminal heterojunction device which operates on the prin-
ciple of real-space transfer (RST) of electrons, heated by a
lateral field, over an energy barrier into the adjacent col-
lector layer. The heating electric field along the emitter
channel is provided by “source” and “drain’ electrodes.
Charge injection transistors have been extensively studied
both experimentally'~'® and theoretically.!!"'¢ '

Most of the experimental investigations dealt with uni-
polar devices (collector contact ohmic for the majority
type of carriers in the emitter which are involved in the
RST process) and were implemented in a down-collector
configuration, The latter term means that the collector
layer is grown epitaxially prior to the barrier and emitter
layers. Implementations of the unipolar down-collector
CHINT have been reported in GaAs/AlGaAs, %8
InGaAs/InAlAs®>* and strained-layer InGaAs/AlGaAs/
GaAs,G’7 and GeSi/Si° heterosystems. Most of these studies
involved n-type CHINT, but devices based on the RST of
holes have also been reported.®®

All down-collector devices have unavoidable overlaps
between the source/drain regions and the collector layer
which give rise to parasitic capacitances and limit the mi-
crowave performance. The ultimate frequency perfor-
mance of CHINT is limited by the time of flight of hot
electrons over high-field regions of the device, i.e., over
distances of order the barrier-layer thickness. The highest
cutoff frequencies, reported in a down-collector CHINT
structure, were 40 GHz both for the current and the power
gain.* These results, obtained in a InGaAs/InAlAs hetero-
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structure with a 2000-A-thick InAlAs barrier, were al-
ready limited by the parasitic capacitance, so that a reduc-
tion in the barrier thickness would only slow down the
device. Although in principle the microwave performance
of down-collector CHINT can be further improved by re-
ducing the lateral dimensions of source/drain electrodes, it
is clear that collector-up configurations offer significant ad-
vantages in that the parasitic capacitances can be effec-
tively eliminated by patterning the collector stripe. The
first collector-up CHINT demonstrated® a 60 GHz current
gain cutoff f; and a lower (presumably due to the para-
sitic resistances in a non-self-aligned structure) power-gain
cutoff fo..=18 GHz. With sufficiently narrow barriers, a
collector-up CHINT can be expected to outperform the
field-effect transistor (FET) of similar geometry [CHINT
collector corresponding to field effect transistor (FET)
gate] because the small-signal performance of CHINT is
not limited by the time of flight between the source and the
drain.! This advantage was recently demonstrated experi-
mentally’® by a direct comparison between the microwave
performance of the CHINT mode and the FET mode of
amplification in the same collector-up device.
Light-emitting charge injection transistors, employing
the RST injection of emitter carriers in a collector layer of
a complementary conductivity type, were proposed!’ and
implemented'® relatively recently. The potential usefulness
of such devices stems from the unique symmetry prop-
erty!® of RST transistors, which consists in the fact that the
direction of the output (collector) current [ is the same
irrespective of the polarity of the input (heating) voltage.
This symmetry, unavailable in other transistors, implies
that the output current in CHINT (and the emitted light
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in a complementary CHINT) is an exclusive OR function
of the voltage signals Vg and ¥ p applied to the source and
drain electrodes: Io=XOR(Vg,V p). Based on this princi-
ple, a device with three input source/drain terminals has
been proposed'® in which the collector current is either an
OR or a NAND function of any two of the input
voltages—with the possibility of switching between these
functions by the third input voltage. Similar logic function-
ality has been predicted!” for RST light-emitting devices
and lasers. Recently, the optoelectronic logic elements
XOR and OR-NAND were demonstrated for the first
time.?®?! These devices were implemented in n-InGaAs/
InAlAs/p-InGaAs heterostructures in the down-collector
configuration.

The present work reports the first realization of
collector-up complementary RST transistors, implemented
in both n-InGaAs/InAlAs/p-InGaAs and n-InGaAs/InP/
p-InGaAs heterostructures. To our knowledge, this is also
the first report of a InP-barrier CHINT. An essential fea-
ture of our devices is self-alignment of the source/drain
contacts to the collector stripe. Another noteworthy ele-
ment is the use of a heavily doped emitter, which provides
a relief from RST instabilities at a high level of collector
current. Our collector-up n-InGaAs/InAlAs/p-InGaAs
CHINT shows comparable characteristics, both electric
and optical, to collector-down devices with similar struc-
tural parameters. However, devices with InP barriers show
rather different optical characteristics, mainly due to the
different band lineups AE/AE} in InGaAs/InAlAs and
InGaAs/InP heterostructures. The band discontinuities
AEqand AEp in these heterostructures, as determined by a
variety of techniques, have been listed most recently by Yu
et al.?? The room-temperature values (AE-,AEy) appear
to converge to (0.5, 0.2) eV in Ings;GagysAs/
Ing spAlg4gAs and (0.25, 0.34) eV in Ing53Gag 47As/InP
heterostructures. These discontinuities are most important
in the determination of the leakage currents between the
channel and the collector due to thermionic emission of
“cold” carriers.

An interesting characteristic of the light-emitting
CHINT is its radiative efficiency. In general, it depends on
the ratio of the electron RST current to the “parasitic”
component of the collector current due to the leakage of
holes as well as on the ratio of the radiative and non-
radiative recombination rates for electrons injected in the
active region and holes in the channel. For InAlAs-barrier
devices, the optical logic performance is superior to the
electrical logic performance (as measured by the output
on/off ratio),?® because holes injected in the channel un-
dergo mostly nonradiative recombination. For InP-barrier
heterostructures, in contrast, the barrier for holes is higher
than that for electrons (so that hole current is no longer
the dominant component of the parasitic non-RST current,
as is the case in InAlAs-barrier devices) and one can ex-
pect that the electrical and optical logic on/off ratios
should be comparable.

The epitaxial structure and the fabrication sequence,
used for both InAlAs and InP barrier devices, are de-
scribed in Sec. II. Section III presents the results of exper-
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FIG. 1. Schematic diagram of the collector-up complementary charge
injection transistor. Letters and numbers in parentheses refer to InP-
barrier device. (a) 550 A Ni/Ge/Au/Ag/Au alloyed channel contact;
(b) 2500 A Si;N, layer; (c) 3000 A Au collector contact; (d) semi-
insulating InP substrate.

imental characterization, both electrical and optical. In ad-
dition to the overall measured power P; of the emitted
radiation, we present the /uminescence spectra at various
levels of the collector current. The high-energy tails of
these spectra contain information about the effective car-
rier temperature T, in the active layer. We find that at high
injection currents (linear density ~10 A/cm) there is a
strong departure of T, from the ambient temperature T.
The enhanced T, degrades the device radiative efficiency
and leads to a thermionic emission of carriers out of the
active layer. These issues are discussed in Sec. I'V. Section
V summarizes our conclusions.

li. EPITAXIAL STRUCTURES AND DEVICE
FABRICATION

The device structure of collector-up complementary
CHINT, obtained after a combination of dry and chemical
etchings, is illustrated in Fig. 1. For the sake of economy,
both InAlAs and InP-barrier devices are represented, with
the parameters of the latter shown in parentheses. All pat-
terns were defined by a standard optical contact lithogra-~
phy.

InAlAs-barrier devices were grown by molecular beam
epitaxy (MBE) at 550 °C on a semi-insulating iron-doped
InP (100) substrate. Oxide desorption from the substrate
occurred at 530 °C. The sequence of epitaxially grown lay-
ers was as follows: a 1000 A undoped Ing 5,Aly 45As buffer
layer, a 400 A Si-doped (10'® cm™2) Ing 5,Gag4;As chan-
nel, and a 800 A undoped Ing s,Aly 45As barrier, followed
by a p-type collector structure consisting of a 600 A Be-
doped (10'7 cm—?) Ing5;Gag 47As active layer and a 2000
A Be-doped (10'° cm ™) In9.52A10.48As confinement layer,
capped with a 1200 A Be-doped (10 cm™%)
Ing 53Gag 47As layer.
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The structures were fabricated into devices using opti-
cal lithography and selective wet etching. First, a 3000 A
thick Au layer was patterned by lift-off in a dumbbell shape
of the collector; this layer was then used as an etch mask.
To avoid excessive undercutting, we used a nonselective
etch to rapidly etch down to somewhere in the middle of
InAlAs barrier layer and then HCI/H,O to selectively etch
the remaining portion of the barrier, stopping at the
InGaAs channel layer. A key fabrication step involves the
evaporation of the self-aligned source/drain metal which
has to provide an ohmic contact without degrading the
collector quality and the integrity of the barrier. Needless
to say, the metal has to break at the vertical sidewall. The
contacts were evaporated using a standard Ni/Ge/Au/
Ag/Au sequence—but with a total thickness of only 550
A—subsequently alloyed at 390 °C for 5-10 s. In the last
fabrication step both wafers were blanket covered with a
2500 A-thick Si;N, layer deposited at 300 °C, then win-
dows were opened and final metal (Au, 2500 A) evapo-
rated to form contact pads.

The InP barrier structure was grown by metalorganic
MBE technique (MOMBE) on a similar substrate at
510 °C. The growth technique has been described in detail
previously.?> Arsine and phosphine served as group V
sources, trimethylindium and triethylgallium as group III
sources. Thermal beams of Be and Sn, derived from ele-
mental sources, served as p-type and n-type dopants, re-
spectively. A 300 A undoped InP buffer layer was followed
by a 400-A-thick Ing 5;Gag4;As channel, nominally doped
to Np= =8% 107 cm 3, and a 1200-A-thick InP barrier.
Knowing from experience that undoped InP layers come
out slightly n-type, we have built into the otherwise nom-
inally undoped barrier a 10-A-thick compensating sheet of
acceptors {Be, 3X 10 em™Y) located 250 A away from
the channel. The collector layer structure consists of a 500
A Be-doped (10" cm™?) Ing 53Gag 47AS active layer and a
500 A Be-doped (3X10'® cm~3) InP confinement layer,
capped with a 200 A Be-doped (5Xx10° cm™3)
Ing 53Gag 47As layer.

The InP-barrier devices were fabricated using a com-
bination of dry and wet chemical etching. The self-aligned
source/drain contacts were obtained in a process similar to
that for InAlAs-barrier devices, with a patterned collector
metal serving as a mask. Reactive ion etching was used to
anisotropically (but nonselectively) etch through the col-
lector layers and partially into the InP barrier layer. By
stopping within the barrier, the ion-bombardment damage
of the channel was avoided. Dry etching was performed in
a PK 1241 plasma tool, using a mixture of methane
(12.5%) and hydrogen (7.5%) at the total pressure of 100
mTorr. Optical emission spectroscopy was used to identify
ternary and binary layers during the dry etching, allowing
a precise termination of the procedure. This technique is
based on monitoring variations in the intensity of atomic
emission from In atoms excited with a discharge upon re-
moval from the wafer surface. Selective removal of the
remaining InP barrier layer to expose the InGaAs channel
was done in a solution of HCl and H;PO, mixed in a 1-t0-9
volume ratio. The choice of this volume ratio was made to
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FIG. 2. Band diagram of the device cross section near the source in
equilibrium (a) and under positive bias applied to the collector (b). The
left half of the figure describes the Ings;GagarAs/Ings;AlgssAs/
Ing 53Gag 47As heterostructure and the right half the Ing 5;Gag 4;As/InP/
Ing 5:Gag 47As heterostructure.

provide vertical sidewalls for mesas parallel to the collector
stripe oriented along a [011] direction. This reduced the
undercutting of the collector contact while allowing a sub-
stantial overetch to ensure a complete removal of InP in
the source/drain contact area. Subsequent fabrication of
source/drain contacts was identical to that described above
for InAlAs-barrier devices.

The source-drain separation Lcy and the channel
width W are defined by the dimensions of the collector
stripe. Devices reported in this work have LegX W=1
®20 ,u,mz (InP barrier) and 250 ,umz (InAlAs barrier).

lIl. ELECTRICAL AND OPTICAL CHARACTERIZATION

Results of the characterization are presented in a par-
allel fashion for InAlAs-barrier devices (Sec. III A) and
InP-barrier devices (Sec. III B). It should be noted that
while InAlAs-barrier devices can be compared to the
collector-down devices, reported previously,'®?° no such
comparison is available for InP-barrier devices. Our own
attempts to fabricate a collector-down InP-barrier comple-
mentary CHINT have been so far unsuccessful.

Electrical properties of a complementary CHINT are
quite different from those of unipolar devices. Most of the
differences are rooted in the fact that the collector and the
emitter form a pn junction with a wide-gap barrier in be-
tween. Figure 2 shows the schematic band diagrams in a
device cross-section near the source, both at equilibrium
and in the operating regime. The device operating regime
corresponds to a forward bias of the pn junction with the
heterostructure barrier being the only impediment to the
parasitic flow of cold carriers. The flow of collector holes is
blocked by the valence-band discontinuity AE, at the
barrier/collector interface and the flow of emitter electrons
by the conduction-band discontinuity AEC at the channel/
barrier interface.

The luminescence signal was detected from the back of
polished samples. To measure the total emitted power P,
we used a broad-area Ge photodiode and suitable focusing
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FIG. 3. Room-temperature characteristics of the InAlAs-barrier
collector-up complementary CHINT at a constant collector bias V=1.8
V.

optics. From the measured P; at a given electrical bias
configuration, we estimated the internal radiative efficiency
of the complementary CHINT as follows:

1 gPp

nq—hvnct,, Ic ?
where 7,~0.48% is the collection efficiency (estimated as-
suming that upward directed light is fully reflected from
the surface metallization and that the distribution of light
intensity is isotropic over the 27 solid-angle hemisphere
below the device), #,~88% is the combined transmission
of the optical components (lens and windows) between the
detector and the device, and Av is the photon energy at the
peak of the luminescence spectrum. The low collection ef-
ficiency 17, is accounted for by the total internal reflection,
Fresnel loss, and the collection solid angle. We have not
used an antireflection coating. The relatively low numerical
aperture {NA =0.34) has been forced by the use of a
dewar for low-temperature measurements. Moreover, an
error of #=5% in NA from the collection lens being slightly
out of focus, produces an error of =10% in 7,.. Neverthe-
less, the systematic error in the determination of the effi-
ciency was the same for all measurements, since the lens
system was not adjusted during the whole set of measure-
ments. The relative efficiency behavior of a given device at
different temperatures and biases can be considered quite
reliable. Note that the definition (1) of 7, is different from
that used in Ref. 20,

Electroluminescence spectra were registered using a
liquid nitrogen cooled Ge detector and a 0.75 m spectrom-
eter. The speciral resolution was better than 1.5 meV.

(1)

A. InAlAs barrier devices

Figure 3 shows the characteristics of a 50 um wide
device at 300 K. Electrical behavior of the present device is
rather similar to that reported earlier®® for a collector-
down InAlAs-barrier CHINT. As the drain bias is in-
creased from V=0, the collector current first decreases
(since the collector-emitter voltage, which controls the
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FIG. 4. Cryogenic characteristics of the InAlAs-barrier collector-up
complementary CHINT at two collector biases.

leakage current, decreases in the channel cross sections
near the drain) and then increases when the heating bias
becomes sufficiently large (¥ p= 1¥) for the RST to begin.
At the same time a small negative differential resistance
(NDR) appears in the Ip(¥Vp) characteristic. The de-
crease in I does not fully compensate for the increase in
I which implies that the source current /g increases too.
The stippled line in Fig. 3 indicates the transconduc-
tance defined by the following expression:
1 ( al ¢

En=Tp v, (2)

) V o= const

At room temperature and fixed collector bias V=18V,
the transconductance peaks at g,,~400 mS/mm near ¥
=1.5 V. The existence of a maximum g, is common to all
CHINTs and reflects the tendency of I to saturate with
increasing heating bias at a given ¥ (similar to the satu-
ration of the anode current in a vacuum diode with increas-
ing cathode temperature and fixed anode voltage). At still
higher ¥ =1.65 V, the collector current itself peaks and
then decreases. This indicates that most of the RST occurs
near the drain where the heating field is highest. High
values of ¥, cause a reversal of the transverse field so that
the effective barrier height near the drain increases, sup-
pressing the RST. For a given bias configuration (¥V¢,V p)
we find that the RST current increases with the tempera-
ture, cf. Fig. 5. .

The measured light power P; increases in proportion
to Io. This behavior is characteristic of InAlAs-barrier
devices at all temperatures down to 5 K (Fig. 4), including
the regime of a pronounced NDR.

The radiative quantum efficiency (1) is plotted in Fig.
5 as a function of the heating bias for two ambient tem-
peratures and several values of V.. The dependence
1,(V p) consists of two parts. At low heating biases (prior
to the onset of an efficient RST)—where the leakage cur-
rent decreases with ¥ ,—the efficiency decreases also. This
dependence is clearly evident in the room-temperature
characteristics, Fig. 5(a); at cryogenic temperatures the
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FIG. 5. The dependence of the radiative efficiency, defined by Eq. (1), on
the heating bias ¥V for several collector biases V. in InAlAs barrier
devices. (a) 300 K; (b) 5 K.

leakage is so low that its efficiency could not be deter-
mined. At higher ¥, the efficiency increases with increas-
ing RST.

The efficiency behavior in the leakage region (low ¥V p)
is qualitatively similar to that of the collector-down
InAlAs-barrier devices, reported earlier.?’ There is some
difference, related to a substantially lower internal radia-
tive efficiency of electrons in the collector active region.
This is a consequence of our using a very heavily doped
collector confinement barrier. In the experiments” with
down-collector complementary CHINT it has been ascer-
tained that lowering the doping from 10" to 10 cm 3 in
a 1000-A-thick sublayer of the confinement barrier, imme-
diately adjacent to the active region, enhances the internal
efficiency of RST electrons by more than an order of mag-
nitude. The other reason for a different behavior originates
from the collector-up nature of the present device. In the
collector-down device?® holes injected in the channel have
a negligible radiation efficiency, because (a) most of the
hole leakage occurs in the wide area under the source/
drain contacts and (b) holes injected in the channel re-
combine nonradiatively at the trench surface or the heavily
doped cap layer. In contrast, holes, injected in the n-doped
channel of our collector-up device at ¥ =0, have a rela-
tively high probability of radiative recombination. The
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FIG. 6. Correlation between the efficiency 7, and the measured I¢ in
InAlAs barrier devices for different bias conditions and ambient temper-
atures. Different curve segments correspond to different fixed values of the
collector voltage V(¥) at which I was varied by changing the heating
bias Vp.

characteristic time to reach the contact area by lateral dif-

- fusion LéH/4D2,1O“1° ps is comparable to the radiative

recombination time in the channel. The higher radiative
efficiency of holes, combined with lower radiative efficiency
of electrons, results in the overall 1, at ¥ ;=0 being com-
parable (within a factor of 3) to the value of 1, at high V',
where it is dominated by the recombination of RST elec-
trons. We explain the initial decrease of 7, in the low Vp
region by the gradual replacement of the relatively slow
diffusion process by the faster drift of injected holes to the
source contact area.

For V;,2 1.0 V the collector current is dominated by
RST. In Fig. 6 the efficiency is plotted as a function of the
current I for different biasing conditions at three different
temperatures. It is interesting to note that 1, depends on
both the temperature and the injection current but not on
the collector bias ¥ at which a particular value of I is
reached. The general trend of monotonically increasing
1,(I¢) fora given V¢ should be attributed to a competition
between the radiative and nonradiative recombination pro-
cesses in the collector active region. [Because of the rela-
tively small difference between the radiative efficiencies of
electrons in the active region and holes in the emitter chan-
nel (only a factor of ~3 in our present devices), the mono-
tonically increasing 7,(/¢) cannot be explained by a pro-
gressively increasing RST component of Ic.] Indeed,
consider the behavior of nq(l c) at different temperatures
in Fig. 6. The low temperature data show a sharp rise of
the efficiency at low I, followed by a slower growth at
higher I with a tendency to saturate. At the carrier tem-
peratures T, 577 K the interband Auger processes are neg-
ligible®* and the nonradiative recombination in the collec-
tor is likely to be dominated by impurity traps at the
confinement barrier interface with the active layer and per-
haps those in the active layer itself. The nonradiative re-
combination current is thus proportional to the first power
of the electron concentration 7 injected in the active layer
( < A,.n) and at high values of » its role diminishes relative
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to the radiative component (e« Bnp). Here p=py+n,
where pj is the equilibrium hole concerntration in the active
layer. The quantity A, is the inverse of the nonradiative
lifetime in the presence of traps and B= B(n) is the radi-
ative recombination coefficient.?* The internal efficiency in
the collector active layer at low temperatures (where we
can neglect the leakage of holes) is thus given by

Anr -1
’nq=(1+-§) , (3)

which accounts for the initial sharp rise of 7, in the region
I-52 mA at low temperatures. In this regime, one has
po<nS A,/ B, whence 0, (B/Ay)n« (B/45)Ic. Since
Ay, increases with the thermal velocity of minority elec-
trons, we can expect a lower slope of 17,(/¢) at higher 7, in
accordance with Fig. 6. As will be shown below, at higher
injection currents the carrier temperature strongly departs
from the ambient value, 7,3 7T, and the behavior of Mg
becomes complicated even within the framework of Eq.
(3). Moreover, at high T, one can expect a strong en-
hancement of the Auger processes, which limits the effi-
ciency rise with I. and may even lead to a decreasing
1,(I¢) at sufficiently high injection levels.

For T=300 K one has py~N 4 (where N ,=10" cm ™
is the acceptor concentration in the active layer) and the
hole concentration p=py+n has relatively weak depen-
dence on the injection current. At the same time, due to the
higher thermal velocity of injected electrons, their nonra-
diative recombination at the interface with the heavily
doped confinement barrier is substantially enhanced com-
pared to the situation at cryogenic temperatures. More-
over, at 300 K the efficiency may be affected by Auger
processes. As a result, the radiative efficiency is relatively
low and has a slower dependence on the collector current.

Note that each curve in Fig. 6 includes the data from
different biasing configurations. Each sequence of points,
corresponding to a given V., ends with a “dangling tail” at
high injection currents. This means that after the peak of
I the efficiency decreases faster than the current, an un-
ambiguous observation which we have not been able to
explain consistently.

Figure 7 presents the electroluminescence spectra
taken at 5 K and normalized to the same value at the peak.
The general shape of these spectra at low I is similar to
those reported in the literature® for the luminescence of
electrons and holes photoexcited in InGaAs. The energy
position of the peak shifts to higher energies with increas-
ing collector current, which corresponds to increasing in-
jected carrier concentration. At the same time, we see the
appearance of a high energy tail, which expands with 7.
Such a transformation of the luminescence spectra is usu-
ally observed when the interband optical excitation inten-
sity is increased.?® The evident linearity of the tail on the
semilog plot implies that the carrier distribution at high
energies is approximately Maxwellian and can be charac-
terized by an effective temperature 7',. Assuming a fast
thermalization between electrons and holes, we can inter-
pret the T, as a common temperature of the electron-hole
plasma in the active layer. The effective temperature, de-
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FIG. 7. Normalized electroluminescence spectra in InAlAs barrier de-
vices at 5 K. The spectra were taken under the bias conditions with the
following values of I (mA): (a) 3.4, (b) 8.3, (c) 10.2, (d) 15.0, (e)
17.7, (f) 204, (g) 23, (h) 25.8.

termined from the slope of the high-energy tail, is plotted
in Fig. 8 against the collector current. We note that the
dependence is approximately linear at high currents but
does not extrapolate to T,=T for [-—0. This implies a
nonlinear behavior of T.(I.) at low levels of injection.
Even higher carrier overheating is observed in room-
temperature spectra. However, because of the low 7, at
300 K these spectra are too noisy in the tails for a
quantitative interpretation. Nevertheless, for the biasing
conditions, corresponding to the data in Fig. 3 in the high
RST region, we can safely assert that the carrier
temperature is in the range 4505 7,5550 K. At such
temperatures, the thermionic emission of holes from the
active layer into the emitter becomes an important
contribution into the transistor current balance. We
remark that the thermionic current of holes, stimulated by
the carrier overheating, appears indistinguishable from
RST in the collector current characteristics. In this

I i
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FIG. 8. Effective temperature of the electron-hole plasma in InAlAs
barrier devices at 5 K, determined from the slope of high-energy tails in
Fig. 7(b). Dashed line represents a linear interpolation. The collector
area A=10"% cm?
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situation, the apparent radiative efficiency, determined by
Eq. (1), will be lower than its intrinsic value.

B. InP barrier devices

Room-temperature characteristics of a 20 um wide de-
vice are shown in Figs. 9(a)-9(c). Electrical characteriza-
tion is presented in Fig. 9(a). At a relatively low collector
bias V=2.45 eV the RST begins at Vp~0.5 V and I,
reaches its maximum at Vp~1 V, decreasing at higher
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heating biases. Large RST injection occurs in the absence
of a significant NDR. Similar to the InAlAs-barrier results
(Fig. 3) this implies that the RST is accompanied by an
increase in the source current /. The device transconduc-
tance g,, reaches the value of about 1.2 §/mm, which is
more than twice that obtained for InAlAs-barrier devices
with about twice longer Lcy: The high value of g, in a
collector-up device is encouraging from the standpoint of
high-speed performance.

Our preliminary microwave measurements, Fig. 9(b),
show virtually no decrease in the common-source current
gain |h,;|* with the frequency f up to f=~0.5 GHz. At
higher frequencies the gain rolls off at about 8 dB/dec
rather than 20 dB/dec normally observed in bipolar tran-
sistors. The device still has a ~3 dB gain at 22 GHz, near
the highest frequency of our present measurements. Slow
gain rolloff has been noted before* in unipolar down-
collector charge injection transistors. This effect certainly
deserves further study, both experimental and theoretical.

Electroluminescence characteristics are shown in Fig,
9(c). A distinctive feature of our InP barrier devices is the
fact that their radiative efficiency decreases as a function of
the injection current. This trend is observed at all temper-
atures and is opposite to that noted for InAlAs devices (cf.
Fig. 6). The difference is explained by the fact that the
surface recombination at the confinement-layer boundary,
which was the dominant nonradiative recombination com-
ponent in our InAlAs-barrier devices, is relatively insignif-
icant in the present InP-barrier devices, where the confine-
ment layer is not as heavily doped. Consequently, we do
not see in these devices the efficiency rise, according to the
mechanism described by Eq. (3). We believe the decrease
in n, with increasing /- should be attributed to the increase
of the effective carrier temperature in the active layer.

Figures 10(a) and 10(b) show the correlation between
the measured values of the efficiency and the collector cur-
rent at three different temperatures. We note a strong tem-
perature dependence of 7,, as the sample is cooled from
300 K [Fig. 10(a)] to cryogenic temperatures [Fig. 10(b)].
Both the temperature dependence and the current depen-
dence of 7, weaken for higher currents.

Figure 11 shows the electroluminescence spectra of
InP barrier devices at the ambient temperature 300 K. The
line shape and its spectral position correspond to the pho-
toexcitation data reported in the literature?® for InGaAs at
T =300 K. The semilogarithmic plot clearly shows the ex-
ponential high-energy tails which grow with increasing
current. The carrier temperature 7T',, estimated from these
tails, grows from 440 to 570 K.

Similar observation can be made from the cryogenic
luminescence spectra, shown in Fig. 12. The carrier tem-
perature T, estimated from the high-energy tails, grows
from 110 to 255 K. We note that these tails cannot be
associated with an enhancement of the lattice temperature.
If the measured 7', were to represent the lattice tempera-
ture, the band gap would have shrunk by about 50 meV
(from the known®’ temperature coefficient ~ —3.5X 1074
eV/deg of InGaAs). No evidence of such a change can be
seen in the low-energy part of the spectra.
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'The spectra in Fig. 12 show the blue shift of the Jumi-
nescence peak with higher injection current. The lowest-
current spectra are likely to be associated with optical tran-
sitions to the acceptor level. However, the position of line
a in Fig. 12 agrees rather poorly with the literature
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FIG. 11. Room-temperature electroluminescence spectra of InP barrier
devices on a semilogarithmic scale. The spectra were taken under the bias
conditions with the following values of I (mA): {a) 2.5, (b) 4.1, (c)
10.5, (d) 16.3.
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at 5 K, taken at the following values of I~ (mA): (a) 0.027, (b) 0.132,
(c) 1.7, (d) 5.8, (e) 8.8, (f) 12.0.

data®?® on the 5 K band gap of InGaAs (E;=0.804 V)
and the activation energy of Be (E, =12 meV). The con-
centration of Be in the active region of our InP-barrier
devices is 10'%cm 3. At higher injection currents we see a
transition to the band-to-band luminescence and the blue
shift of the peak corresponds to the band filling effect. The
overall shift of about 70 meV between curves b and f cor-
responds to n=~6%107cm 3,

The effective carrier temperature T',, determined from
the high-energy tails of the luminescence spectra in Figs.
11 and 12, is shown in Fig. 13. We see that the amount of
overheating AT ,=T,— T rises with the injection current.
This rise is responsible for the decrease in the efliciency 7,
with I seen in Figs. 9(c) and 10. The behavior of AT, is
qualitatively similar to that seen for InAlAs-barrier devices
(cf. Fig. 8), plotted on the same graph; however the atten-
dant decrease of 7, in those devices is masked by the op-
posite trend, Eq. (3). The overheating AT, is a faster rising
function of the injection carrier density at lower tempera-
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FIG. 13. Effective temperature of carriers, determined from the slope of
high-energy tails in Figs. 7(b), 11, and 12(b). The amount of overheating
AT=T,— T is plotted against the injection carrier density per unit area 4
of the collector, Dashed lines represent linear interpolations. For InAlAs
devices 4=10"% cm?® and for InP devices 4=2X10"7 em?."
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tures. Because of the much higher radiative efficiency in
InP-barrier devices, their low temperature spectra permit
an estimate of 7', down to lower currents.

IV. DISCUSSION

The key novel constructive feature of the complemen-
tary charge injection transistors described in the present
work (besides their self-aligned up-collector structure), is
the use of a heavily doped emitter channel. The high elec-
tron concentration in the channel has led to record mag-
nitudes of the RST current in the bias regime free of NDR
instabilities. The collector current density at room temper-
ature reaches 10 and 100 kA/cm?, respectively, in devices
with InAlAs (Fig. 3) and InP [Fig. 9(a)] barriers. In the
latter case, at moderate collector biases V=2 V and in a
range of heating biases 0.555 V' 50.85 V, the transcon-
ductance g,, exceeds 1 S/mm. Inasmuch as the CHINT
transconductance is determined in large measure by the
transport of injected charge across the barrier,' its micro-
wave performance is expected to be enhanced by the supe-
rior? hot-electron transport properties of InP. At the same
time, the relatively low injection barrier AE-=0.25 eV in
the InGaAs/InP system—compared to the satellite-valley
separation of 0.55 eV in InGaAs—should suppress the un-
welcome intervalley transfer, that often slows down the
RST process.!* The high g,,, together with our preliminary
microwave testing results, indicate that up-coflector InP-
barrier CHINT devices may become useful as high fre-
quency amplifiers.

The obtained high values of the RST current allowed
us to investigate the luminescence spectra in a wide range
of electron injection levels. The discovered high-energy
tails of the luminescence spectra permitted a direct mea-
surement of the carrier temperature T, in the active col-
lector layer. These studies demonstrate a strong (up to 270
K) overheating of the electron-hole plasma which limits
the radiative efficiency in the active layer. Let us briefly
discuss the possible origin of the overheating effect as well
as its consequences for the electrical and optical properties
of the complementary CHINT.

What is the source of heating in the active layer? We
can identify at least two mechanisms. The heating power
may be partially due to the hot electrons that plunge into
the active layer from the barrier. The power dissipated by
injected electrons is at least W2 I¥'AEy/e, where I is
the electron component of the collector current. Due to the
intercarrier interaction, whose characteristic time at con-
centrations 10 cm™? is much less than 1 ps,® the
electron-hole plasma retains a Maxwellian distribution but
at an elevated temperature T ,.

At low values of T, the injected electron power is the
only source of carrier heating in the active layer. However,
as the carrier temperature increases beyond 200 K, the
Auger recombination becomes a tangible component of the
total current, whose significance increases with both T,
and /. Indeed, each act of an interband Auger transition
releases an energy of the order of the band gap E;~0.75
eV into the electron-hole plasma. Denoting by £, the frac-
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tion of recombination acts in the collector that go via Au-
ger mechanism, we can estimate the resultant heating
power as W 2 §AI“)EG/e

The rise in the carrier temperature T can then be
estimated from an energy balance equation. Noting that at
high carrier concentrations the energy relaxation time in
InGaAs can be rather long (several picoseconds®"*?) due
to hot phonon effects, the effective temperature increments
~200K (at I'=6 K) and ~270 K (at T'=300 K), found
in our study, appear quite reasonable. Similar magnitudes
of overheating have been found in optical excitation exper-
iments**** in Ing53Gag 4;As quantum wells.

The enhanced temperature 7, of electrons and holes in
the collector active layer may have important conse-
quences for the electrical characteristics of the complemen-
tary CHINT. Depending on the direction of the electric
field in the barrier at a given point, either electrons or holes
may undergo a thermionic emission from the collector ac-
tive layer into the emitter. Moreover, in a bias configura-
tion when O <V~ Vi, < Vp, where Vpy, is the flatband col-
lector bias, both components of the overheated plasma may
flow into the channel, holes into the region near the source
and electrons into the region near the drain electrodes.
These secondary fluxes, stimulated by the carrier overheat-
ing due to the primary RST flux, form what may be termed
the “inverse real-space transfer” process.

V. CONCLUSIONS

Results of the present work may be summarized as
follows.

(1) Collector-up complementary CHINT devices
have been implemented, in InP-based heterostructure ma-
terials, using a self-aligned process for the collector stripe
definition. Both the n-type emitter channel and the p-type
collector active region have been implemented as
Ing 53Gag 47As layers separated by a wide-gap heterostruc-
ture barrier. Both Ings;Aly4sAs and InP barrier devices
have been investigated.

(2) InAlAs-barrier devices showed a qualitatively
similar behavior to that observed previously in down-
collector devices of similar heterostructure design. How-
ever, our use of a relatively heavy emitter doping resulted
in larger injection currents in the regime free of NDR in-
stabilities. Heavy emitter doping levels, in the range 10'®
cm ™3, are promising for optoelectronic applications of the
CHINT. ‘

(3) InP-barrier charge injection transistors are re-
ported. Devices of this type, both unipolar and comple-
mentary, are promising from the standpoint of microwave
performance, due to the high electron velocities in InP.
Preliminary microwave testing of our up-collector InP-
barrier CHINT’s produced encouraging results.

(4) High levels of the collector current density (up to
100 kA/cm?) obtained in this work permitted a determi-
nation of the effective temperature T, of the electron-hole
plasma in the active collector region from the high-energy
tails of electroluminescence spectra. We found a significant
overheating (by 200-300 K) of carriers and discussed the
origin and the implications of this effect.
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