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Introduction

This paper reviews the electronic transport properties of compositionally
graded materials. Band gap grading is a powerful tool for engineering the
energy band diagram of a device and thus modifying its electrical transport
properties (band gap engineering}(1). The mostinteresting property, which
has far reaching consequences for devices made of these materials, is that
electrons and holes experience different electric forces so the transport
properties of the two types of carriers can be independently tuned.

With the advent and rapid development of molecular beam cpitaxy
(MBE) (2) in recent years, graded-gap materials can presently be grown
with contrelled compositional vanations over distances of <106 A, In
addition, diflerent functional forms of grading (linear, parabolic, etc.) can
be obtained by accurately controlling the temperature and/or the opening
of the cells in the MBE system. High electron velocities (> 107 cm/sec) have
recently been measured in heavily doped p-type graded-gap Al,Ga,_,As.

Ulirahigh-speed phototransistors and transistors with a graded-gap base
have been reported. Heterojunction bipolar transistors (HBT's) with a
graded emitter-base interface have alse been studied in different material
systems ; for example, parabolic.grading eliminates the collector-emitter
offset voltage and maximizes the injection efficiency. Unipolar single and
multiple sawiooth graded-gap structures have shown interesting physical
properties and device applications. For example, because of the lack of
reflection symmetry, sawtooth superlattices can be electrically polarized
or used as rectifying elements. Grading of the high field region in avalanche
photodiodes has been used to enhance the ionization rates ratio. One of
the most exciting recent applications of graded materials is the “staircase”’
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polen_lial, which can be used as a solid-state photomultiplier and a repeated
velocity overshoot device.

Quusi-Electric Fields in Graded-Gap Materials

Kro‘cmer (3) first considered the problem of transport in a graded-pap
scmlc_onduclor. As a result of compositionai grading, electrons and holes
experience “quasi-electric” fields, F, of different intensities,

o= - L”Zt
dz
. dE,
o=+ 55 L.

where E.(z) and E,{z) are the conduction and valence band edges. In
addition, the forces resulting from these fields push electrons and holes in
the same direction. This is illustrated in Figure la for the case of an
intrinsic material, Such a graded material can be thought of as a stack of
muny isolype heterojunctions of progressively virying band gap. If the
conduction and valence band edge discontinuities AE und AE, of such
heterojunctions are known and depend little on the alloy compaosilion (as
in the case of Al Ga, _ As heterojunctions), then one can also expect that
for the structure in Figure lu the ratio of the quasi-electric fields F P, will
be equal to AE/AE,.

For a p-type graded-gap material the situation is different ; the energy
band diugram is shown in Figure 1b. The valence band edge is now
horizontal so no effective field acts on the holes, while 1he effective field
for the electrons is F, = — dE,/dz, which can be significantly greater than
in the intrinsic case. In other words, all the band gap grading is transferred
to the conduction band. This can be interpreted physically using the
following heuristic argument.
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Figure | Energy band diagram of compositionally graded materials: {a} intrinsic, (b
p-type, and () n-type.
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Consider the eflect of p-type doping on an initially inirmsic material of
the type in Figure la. The acceptor atoms will introduce holes, which
under the sction of the valence band quasi-clectric ficld will be spatially
separated from their negatively wonzed parcnt acceptor atoms. This sep
aration produces an electrostatic (space-charge) fickd. Holes accumulate
(on the right-hand side of Figure 14) until this space-charge tield cquals
the magnitude of, and cancels, the hole quasi-clectric field, Fy, thus achiev-
ing the thermodynamic equilibrium configuration (Mt valence band) of
Figure 1h. Note, however, that as a result of this process the equilibrium
hole density is spatially nonuniform. The electrastatic field of magnitude
[dE,/d=| produced by the separation of holes and acceptors adds instead
10 the conduction band quasi-electric field to give a 1otal effective field
acting on an electron of

FEU AN :
== 7 7:1?+d: T dz .

Thus in a p-type material the conduction hand field is made up of a
nonelectrostatic (quasi-electric field) and an electrostatic {spacc-charge)
contribution. .

For an n-type material the same kind of argument can be applhed (o
electrons ; which yields the band diagram of Figure 1¢ and 1o the same
effective field acting on the hole as given by Equation 2. Consider, for
example, the case of an Al,Ga, ,As graded-gap p-type scmiconducior.
IT we recall that in an Al,Ga, ., As heterojunction 62% of the band gap
difference is in the conduction band (4}, it follows that 62% of the elfective
conduction band field F = — dE,/dz will be quasi-electric in nature and
the resl (38%) electrostatic. The opposite occurs in the case of an n-1ype
Al.Ga, ., As graded malterial, where 62% of the valence band effecuive
field is electrostatic in nature.

So far we have only considered quasi-electric fields ansing from band
gap grading. When the composition ol the alloy is changed. however, the
eflective masses me¥ and wgt of the carriers also change. giving rise to
additional quasi-electnic fields Tor electrons and holes. These are given, in
the case ol intrinsic materials (5), by

od |y . ' \
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I the case of n- and p-type graded-gap matertals one cun repeat the
previous reasoning and obtain the following expression for the quasi-held
due o effective mass gradients

] d [%T . w2
f'up :(_{_' 4 |n("f<”!hf”m) . >

The quasi-electric fields in  direct-band-gap-graded composition
ALGay Ay ure primarily due to band gap grading ; the quasi-electric
fields due to the effective mass gradients are negligible in this case (5).
Hfm'c\'cr. effective mass gradients can make a substantial contribution to
the quasi-clectric field for ALGa, As graded materals in which the
compaosition v is varied through the direct-indirect transition at x - 0.45.
This is because the effective mass of the electron varies by about one order
of magnitude in the direct-indirect transition region. Similar considerations
are also thought to apply to other [[1-V alloys.

Electron Velocity Measurements

Quasi-electric fields are particularly important because they can be used
to enhance the velocity of minority carriers that would otherwise move by
diffusion (a retatively slow process) rather than by drift, In fact, Kroemer
(3) first proposed the use of a graded-gap p-type layer (Figure 15) for the
base of a bipolar transistor to reduce the minority carrier (electron) transit
time in the base. Recently Levine et al (6, 7}, using an all-optical method,
measured for the first time the electron velocity in a heavily p*-doped
compositionally graded Al,Ga,_,As layer grown by molecular beam
epitaxy.

The energy band diagram of the sample is sketched in Figure 2 aleng
with the principle of the experimental method. The measurement technique
15 a "pump and probe” scheme. The pump laser beam, transmitted
through one of the AlGaAs window layers, is absorbed in the first few
thousand angstroms of the graded layer. Optically gencrated electrons
under the influence of the quasi-electric field drift towards the right in
Figure 2 and accumulate at the end of the graded layer. This produces a
change in the refractive index at the interface with the second window
layer. This refractive index variation produces a reflectivity change that
can be probed with the counter-propagating laser beam. This reflectivity
change is measured as a function of the delay between pump and prohe
beams using phase-sensitive detection technigues. The reflectivity data (H)
are shown in Figure 3 for a sample with a 1-pm-thick lransport layer
graded from Al Ga,,As to GaAs and doped to pETx 0 em .
Fhis corresponds 1o a quasi-electric field of 1.2 kV,om. The laser pulse
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minus the absorption length of the pump beam (172 = 2300 A), and one
linds a4 nunonty carner velocity of v x (L—2 ")Jrx23 x [0 Cni/seq.
Lo this relatively thick sumple carrier diffusion is important and causes
a spread in the electron arrival time at the end of the saumple, which is
roughly the rise time of the reflectivity curve from 10 to 90%, i¢. &3 ps.

Itis interesting to note that the drift mobility obtained from the measure-
went s g = 0 JF = 1900 cm %V sec, which is comparable with the usual
muobility of 2200 e ¥V sec at the doping level of the graded fayer in GaAs,

Electron velocily measurements were also made in a 0.42-um-thick,
strongly gruded (F, = 8.8 kV/em), highly doped (p =4 x 10"° cm °
AlLGa, \As layer graded from Aly (Gay »As to GaAs. A transit ime of
only 1.7 ps was measured, more than an order of magnitude shorter
than that for F = 1.2 kV/em, which corresponds to a velocity of roughly
rox 25 % 107 emsec (7). The velocity can be obtained rigorously and
accurately (£ 10% error} from the reflectivity data, by solving the drift
diffusion equation and taking into account the effects of the pump absorp-
tion dength (especially important in the thin sample) and the partial pen-
ctration of the probe beam into the graded material. I one includes all
these effects, one finds that the reflectivity data can be fitted using only
one adjustable parameter, the electron drift velocity (7). This velocity
15 0 = 28 x H® em/sec for F= .2 kV/em and P=2x10"¢cm-}, and
t. = L8 x 10 cmysec for F = 8.8 kV/icmandp = 4 x 10" cm-?,

We see that when we increase the quasi-clectric feld from 1.2 to 8.8 kV/
em (a factor of 7.3) the velocily increases from 2.8 x 108 1o 1.8 x 107 cm/s
(a factor of 6.4). That is, we observe the approximate validity of the
relation ¢ = pf. Using y = 1700 cm*iVs (for p=4x10" ¢cm % we
calculate ¢ = 1.5 x |07 em/s for F = 8.8 kV/cm, which is in reasonable
ugreement with the experimental results, The measured velocily of 1.8 x
107 eiys (in the quasi-electric field) is significantly larger than that of
undoped GaAs, in which ¢ = 1.2 x |07 em/s for an ordinary electric field
of £ =84 kV,cm. Our measured high velocity is comparable to the peak
velodity reached in GaAs for £= 15 kV/cm belore the transfer from the
F 1o the L valley occurs. Qur measured velocity is afso compurable 1o
the maximum possible phonon-limited velocity in the T minimum of
GaAs. Thisisgiven by, = [(E,,,ﬂ’m*)lanh(Ep/'ZkT)]‘ =23 x 10" cmys,
where £, = 35 meV is the optical phonon energy and the effective mass
m* = 0.067 m,

This high velocity can be understood without reference 1o transient
ehlects because the transit time s much turger than the momentum refax-
ation time of 0.3 ps. The high velocity results from the fact that the
clectrons spend most of their time in the high velocity central T valley
rather than in the low velovity L valley. This may result from the injected
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clectron density being so much less than the hole doping density that
strong hole scattering can rapidly cool the electrons without excessively
heating the holes. Furthermore, the electrons remain in the [T valley
throughout their transit across the graded layer since the total conduu?on
band edgedrop (AL, = 0.37¢V)iscomparable 1o the GaAsT- L separation
(AEy, = 033 V), and therefore they do not have sufficient excess energy
for significant transfer to the L valley.

High-Speed Graded- Buse Transistors

The first device to utihze the high electron velocity found in ptype graded
materials was reported by Capasso et al (8). The structure was o phelo
transistor with an AlGaAs graded-gap base with a quasi-clecine ficld of
about 107 kY cm. The device was grown by moleculiar beam epitaxy on a
Si-doped (x4 x 10" cm %), n*-type GaAs substrate. A bulfer layer of
n'-type GaAs was grown first, followed by a Sn-doped, n-type (= 10'*
cm " Y), 1.5-um-thick GaAs collector layer. The 0.45- pm-thick base layer
was compositionally graded from GaAs (on the collector layer side)
o Aly»GagAs (E,=18 eV) and was heavily doped with Be
(r* = 5x10'" cm ?). The abrupt wide gap emitter consisted of an
Aly sGag 55As (E, = 2.0 eV), 1.5-pm-thick, window layer n-doped with
Sn in the range of 2 x 10** 10 5 x 10**cm™ . Figure 4b shows the eoergy
band diagram of the phototransistor.

ta)

{3}

Figure 4 Band diagram of graded-gap base tipolan transiston (a) with graded emities: base
interface. and {h) with balbstic launching ramp fer even Bigher selocity i the hase
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To study the effect of grading in the base on the speed of the device,
4-ps laser pulses were used. The wavelength (4 = 6400 A) was chosen so
that the light could only be absorbed in the base layer. The incident
power wits kept relatively high (100 mW) to minimize the effective emitter
charging time. Under these conditions the speed-kmiting factors are the
RC lime constant and the base transit time. Figure 5 shows the pulse
response ol the device as monitored by a fast sampling scope. [n the lower
part of Figure 5 the response was signal averaged ; note the symmetrical
rise andd Ll time and the absence of long tails, which are normally very
dutficult to achieve in picosecond photodetectors. From the observed 1)
% response time of 30 ps, 4 sum-of-squares approximation was used (o
estimate it intrinsic detector response time of about 20 ps In the shsence
ol aguasi-electiie ieldin the heasily doped p base, o broadened response
Lollowend by Gl with o square oot of time dependence {due o slow
diflusion) 15 expected. The ditfusion time ry is given by B7.2D, where
His the base thickaess and [ is the diffusion coefficient. For a GaAs photo-
transistor with a base of p* = 10" em "? D is approximately 16 cm?/s.
In our structure 2 is likely to be smaller because AlGaAs has a lower
mobility than GaAs, and because of the higher doping. For our structure
fi» = 50 ps. The fact that the expected broadening is not observed indicates
that the quasi-electric field in the base sweeps out the electrons in a time
much shorter than the diffusion time. From the velocity measurements
previously discussed we know that the base transit time is ubout 2 ps.
which s tndeed much less than (. Thus the pulse response of this device
Is consistent with Kroemer's prediction {3) and is the first experimental
verification of this effect (8).

Finully, the combination of the graded-gap base and the abrupt wide
gap conitter (Figure 45) suggests a new high-speed ballistic 1ransistor (8, 9).
In fact, the conduction band discontinuity can be used to ballistically
launch clectrons into the base with a high initial velocity ; the quasi-electric
ficld in the base will maintain an average velocity subsiantially higher than
10" ¢m/s. If no electric field were introduced in the base, ballistic launching
alone, using the abrupt base emitter heterojunction, would not be sufficient
to achieve a very high velocity in the base because collisions with plasmons
or coupled plasmon-phonen modes in the heavily doped base would rap-
idly relax the initial forward momentum and velocity. It is sufficient for
an initiai high velocity that the conduction band discontinuity used for the
taunching be a few kT (typically 50 mV at 300 K).

Recently the first bipolar transistor with a compositionally graded base
was reparted (10, 11). Incorporation of a graded-gap base gives much
faster base transtt times because of the induced quasi-electric field for
electrons, which allows a valuable tradeofl against the hase resistance. To
understand this last point consider a base of width W linearly graded from
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Figure 5 Pube response of graded-gap base AMGaAs/GaAs pholotransistur (o & 4-ps Laser
pulse displayed o a sampling scope tap), and after signal aseraging the sampling scope
signad {hortn (From Referenee §.)

one alloy with u band gap of £, to another with a band gap ot £ The
quasi-electric field for electrons (E, - Ep)/eWresulis in a base transit time
{(neglecting diffusion eflecis} of

e 6.

We have made use of the experimental fact that the velocity in the graded
base nearly equals pF.. where F, is the yuasi-electric feld (7). This time
must be compared with the diffusion-limited base trunsit time of a 1ran-
sistor with an ungraded GaAs base of the same thickness and doping level

W=
b
where D s the ambipolar diffusion coeflicient. If we compare Equations
6aund 7and use the Linstein relationship £ == ek Fle, we find that the base

Ty = 7.

272 CAPANS)

transit teme is shortened by the luctor

oo I, I 5
T, 201

using i grisded-gap base, Although Equation 8 is rigorous only in the limit
L. - B o KT, it can be employed as a useful “rule of thumb®™ in cases
where £, - £, is several times & T, Thus the band gap ditterence must be
made as Lirge as possible without exceeding the intervalley cnergy sep-
aration AE, . which would greatly reduce the clectron selogity. Using
Lo~ £, = 0.2 ¢V, the transit time is reduced by a factor ol about four at
300 K reluteve 10 an ungraded base of the same thickness. This allows a
valuable tradeoll against the buse resistance (R,). since the base thickness
can be increased 1o reduce R, while still keeping a reasonable buse transi
tme. Finally, an added advantage of the quasi-electric field is the increased
base transport facior that comes about because the short transit Lime
reduces minority carrier recombination in the base.

Devices (1) grown by MBE on an n* substrate had a 1.5-um GaAs
buffer layer lollowed by a 5000-A-thick collector doped ton = 5 x 10"
cm ' The p-type (2 x 10'% em Y base was graded from Ga, Al ,.As
10 Guy Al As over 4000 A. This grading corresponds 1o 4 field of about
5.6 kVfem. The lightly doped (=2 x 10'® em ), wide gap emitter
consisted of an Al, ,Gay ,,As fuyer 3000 A thick and a region adjacent
10 the base graded from Ga,, sAly1AS 10 Gag osAL 5 As over 500 A. This
correspends 1o a base;emitter energy gap difference of approximately
Q18 V. This grading removes a large part of the conduction bund spike,
allowing most of the band gap difference to fall across the valence bund
und blucking the unwanted injection of holes from the buse (12). Figure
F shows the energy bund diagram of the siructure in the cquilibrium
(unbiased) contiguration.

These devices had a curremt gain of 35 at o base current of 1.6 mA.,
and the collector characteristics were nearly lat with minimum collector-
emitter offset voltage. More recently, high current gain, graded base
bipolars with good high-frequency performance have been reported
(Malik et al 12). The base layer was linearly graded over 1800 A, from
¥ =010x = 0.1, which resulted in a quasi-electric ficld of 5.6 kV/cm, and
was doped with Be to p = 5 x 10"* cm % The emitter-base junction was
graded over 500 A from x = 0.1 to x = 0.25 to enhance hole confinement
in the base. The 0.2-um-thick Al »Gag 75As emitter and the 0.5-pm-
thick collector were doped n-type at 2 x 10" cm* and 2 x 10'® em Y
respectively. The Al Ga, _ Aslayers were grown ala substrate temperature
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of 700 C. It was found that this high growth temperature resulted in hc!lcr
Al Ga, ,As qualty, as determined by phomlun_nnesccm}‘. Howcever., i
known that significant Be diffusion oceurs during MBE gzrnowlh E‘ll 11‘13?1
substrate temperatures and at high doping levels l(p > 103" em )..bca-
ondary 1on mass spectrometry (SIMS) data also nlldlculcd lh;n*lh:. p:n.
junction was misplaced into the widc.band gap emilter at ?0{)-( .‘Il Wd;
determined empirically that the insertion of an undnpcfd setback Ilaye.rA o
200 560 A between the base and emitter COlnpejsailcd !or_ lhcl Be diffusion
and resulied in significantly increased current gains. Zn glnﬂ'usmn was used
1o contacl the base and provided a low base contact rcslslam{e, .

With a dopant setback layer in the base of 300 A the maximum differ-
ential de current gain was 1150, obtained at a pollcclor current density of
Jo= 1.1 x 10" Acm 2, a higher gain than previously rcp(jrleni f.or praded-
.g;:p buse HBT's. These gaims cin be Cumpurc-d with those found in previous
work, which were consistently < 100 in HRT s wnhn.ul the sc1—huck‘ hl‘)'fj‘l
(1}, k1) Several transistor wafers were p‘m.cesscd with undopcclj_m..lbm.k
layers in the buse of 200--500 A, and atl exhibited greutcr cutrent g‘f_llls; 7

Graded-gap base HBT's were fabricated for hlgh—l'rcq_ucnq (?\J]-u.lll'()n
using the Zn diffusion process. A single 5-um-wide ernitter strip (.(‘)n‘ldcl
with duil adjucent base contacts was vsed. The ursas opl' the L‘l’I‘l]llLl’I.(l)ﬂ(z
collector juncttons were approximately .2.3 x 10 em e?rjd I‘:B x e
cm?, respectively. The transistors were wire bonded in a l'.l"ll(.l’(]\:d':il.' p.j:lp
age, and antomated s-parameter measurements were ‘mddc with an i
8409 network analyzer. The transistor has a current g:tm‘culoﬂ frequ?my
of f1 = 5 GHz and a maximum 0§C|I!al|0n I"r‘equs-ncy ol f... :,82.5 (.J'H?d.
La'rgc signal pulse measurements indicated rise times of_r, : [.(‘} s .m
pulsed collector currents of /. > 100 mA, suitable for high-current laser
driver applications.

Emitter Grading in Heterojunction Bipolar Transisters

The essential feature of the heterojunction bipolar transistor is the e of
pare of the encrey band gap difference hclwc_‘cn the wide band gup cm:llcfr
and the base W suppress hole injection. This allows the base to be lrfmc
heavily doped than the emitter, which leads 1o lh_c low hase resistance '”.“1
Jow emitier-bast capuvitance necessary for inglj-ircqucnc_\‘ &);1ur;|!|:)|1 w]ylu
stell maintaining a bigh emitier injection efliciency 1‘)). In .{hl‘i section
we discuss in detail the grading problem in hclcm‘|‘uncl|m1 bipolars. The
performances of recenty developed Al oIy, oA Gay, oIy, G As hnpnl;m.
with graded and ungraded emitters are compared (13 and the aptimum
prading of the emitter s discussed. _ . )

Most of the work on MBE-grown heterojunciion bepobir III.iI)\l\llll\
has concentrated on the AlGaAs GaAs systems Recently the fist vern-

Fgure 8 Band diagrams under equilibrium of h
enitter and (h) 3 praded €mitter Note that the conduction ba

{he use of 4 graded emitier and the increase of the emiter-h
Retesenee 13
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cal Npa Al I, 2:As/Gag 1T, 5,As heterojunction bipolar transistors
grown by MBE with high curcent gain have been reported by Malik et al
(3. The (Al,ln)As,-"(Gu,ln)As layers were grown by moleculur beam
epitaxy (MBE} lattice-matched 1o an Fe-doped semi-insulating [npP
substrate. Two HRBT Stuctures were grown: the first with an abrupt
emitter of Al lng s:As on a Gag 4olng ,As base, and a second with a
graded emitter comprising a quaternary layer of AlGalnAs 600 A wide
and lincarly graded between the two ternary lavers. Grading from
Gay :Ing A5 (0 Alg elng 5,As was achieved by simultaneously lowering

the Gy and raising the Al oven temperatures in such a manner as 1o keep
the total Graup I1[ iy

that this is the firsi use of 4 graded quaternary alloy in a device structyre.

The energy band diagram for the abrupt and graded ermitter transistors
are shown in Figure 64 and h, respectively. The effect of the JLegs

wding 15 to
etiminate the conduction band n

oich in the emitter junction. This in turn

(0] ABRUPT EMITTER

(b} GRADED EMITTER

cterojunction bipolar with () an abrupt
nd rotch is efiminated through
e valence band binner (From
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leuds 10 u larger emitter-base valence band difference under forward hius_
injection. The lollowing material parameters were wsed in both types of
transistors. The Al oIn, s.As emitter and Gag ool «As vollector were
doped n-type with Sn at levels of 5 x W07 cm tand Sx 10 em 7,
respectively. The Gay y1ing 53As base was doped p-type with Be to a level
of 5 x 10" cm ', Recent experimental determination of the band cdge
discontinuities in the Al, slny s:A8/Gay olng G AS heterojunction indi-
cates AL, = 0.50 eV and AE, = 0.20 eV (14). This value of Ak, 1s lurge
envugh 1o allow the use ot an abrupt Aly 2 Ing cAsGay oy A cmriucr
4t 300 K. Neveriheless. i current gain increase by a factor of two (from
B = 200t §f = 400} s achieved through the use of the graded-gap c|11i§lcr.
which is attributed to a larger valence band difference between the enntter
and base under forward bias injection.

The common emitier characteristic of HBT s exhibits a relatively large
collector-emitter offset voltage. This voltage is eyual to the diflerence
between the built-in potential for the emitter-base p-n junction and lhilil
of the base-vollector p-n junction. Therefore no such offset is present in
homojunction Si bipolars.

We have recently shown that by appropriately grading the emitier near
Lhe interface with the base such offset can be reduced and even otally
climinated (15). The other advantage of grading the emitter is of course
that the potential spike in the conduction band can be reduced. thus
increasing the injection efficiency. The conduction bund potential hgs
two components ! the ¢lectrostatic polential ¢, equal to ¥, (the built-in
potential) — Vi (the base emitter valiage), which varies parabolically, and
the grading potential ¢,. If linear grading is used there is always unwanted
structure in the conduction band (spikes or notches, see Figure 7). The
“notches” can reduce the injection efficiency by promoting carrier recom-
bination. 1t hus now become obvious that such structures can be ¢liminated
by grading with the complementary function of the electrostatic potential
in the emitter region (1-¢,,) over the depletion layer width at a forward
bias equivulent 10 1he base bund gap (Figure 8). In this case it the base
cmitter junction is forward biased at 1.42 eV, the two potentials (grading
and electrostatic) give rise 10 & smooth conduction band edge and one
attains the flat band condition with a built-in vohage for the bise ernitter
equivalent to the bund gap in the base (1.42 ¢V).

A HBT with such a parabolic grading has been fubricated. using MBE.
with & Ga,.Al, JAs emitter and a GuAs base and collector (15} The
emitter base junction was graded from v =010 x = 0.3 on the emitier
side over a distance of 600 A ; the parabolic grading function was upproxi-
mated by linear grading over nine regions. 11 was found that collecior-
emitter offset voltage is very small {about 0.03 V).
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Figure 7 Conduction band edge versus distance from the p*-n base-emitier junction for
three diferent linear grading widihs at different base emitter forward bias voltages. (From
Referenve 15.)

Graded-Gap Lasers, Solar Cells, and Avalanche
Photodiodes

If the active layer of 4 conventional double heterostructuré laser is reduced
to a thickness where the yuantum size effect becomes important, i.c. less
than 400 A, the structure lases at a very high threshold current density
because the overlup of the photon and electron populations is very small.
To increase this overlap a separate optical cavity with graded composition
is grown around (he quantum well active layer. Here the elecirons are
“funnelled™ into the quantum welt region by the quasi-electric field of the
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Figure 8 Conduction band edge versus distance from the p*-n junction, using a para-
bolically graded layer 500 A wide at different forward bias voltages. (From Relerence 15))

graded composition layers and therefore have a higher probability ‘of
capture by the quantum well. This device is known as the GRINSCH
{(graded-index separate confinement hclerostruclure) laser after Tsang(]b),
who first combined the quantum well laser (17) with !he graded optical
confinement region, which had been proposed by Kazarinov & Tsarenkov
(18).
In solar cells, band gap grading in the top layer has been uscd to
efficiently collect carriers optically generated near the surface, h_f.:forc they
recombine through surface states. High-efficiency Al Ga, IA‘\A( iaAs solar
cells have been fabricated by Woodall & Hovel (19) usimg lhl!i-s‘chl‘}l‘lf.!:
Graded gaps can also be used to enhance th‘.‘ ratio .ni ionization
coefficients (2/f) in avalanche photodiodes (20): The ionization cqcﬂmcnl
a( /) is defined as the number of secondary pairs Cl’(::llt.:d per unit Icn_gth
along the dircction of the field by an electron (hole) b)_' impact m{nzalmnA
The value 2/f plays a crucial role in the signalfn_a-mnsc ratio of an ava-
lunche photodiode (21). The a/ff Tatio must be cither very large or very
small to minimize the avalanche excess noise. .
Recently Capasso et al (20) proposced and dcnumsF rated experimentally
a new avalanche detector in which ajff is enbunced with respect Lo the bulk
value of the alloys constituting the gradcd-gap rpa!gml.jhc strue-
ture, grown by MBE, consisls of a nominally intrinsic region, gradcii
from GaAs to Al ,sGag ssAs (£, = 2.0 V) and sunldwwhcd httlwccn n’
and p* regions, We demonstrated that the eﬁ'ccuve_u;b’ ralio of this
structure is significantly increased over 1(a/fi = 5 7.'5.) if the md‘lh E‘f the
graded layer is £0.5 um. The principle of the device 15 illustrated in Figuse
9. The electrons have a lower ionization energy than the holes hL“L“iIHSC
they are moving towards lower gap regions. The effect is a significant
increase in the a/ff ratio when the grading exceeds | c\",’,m.n. Another
important properly of this structure is the soft hrcukdnv\:n, which can lead
to much greater gain stabilily compared to ungraded dmdrfs‘. Thiy is due
to the fact that avalanche multiplication is always inittated in the low gap
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Figure 9 Band diagram of graded band gap
avalanche photodiode showing impact ion-

+  ization by the initial electron-hole pair 1- 1",
{From Reference 20.)

regions and then spreads out to the higher pap regions as the electric fietd
is increased.

Multilayer Sawtooth Materials

In this section we examine the electronic Lransport properiies of sawtooth
structures obtained by periodically varying the compaosition of the alloy
in an asymmelric fashion. The key feature of such structures is the lack of
reflection symmetry (22). This has several important consequences; for
example, these devices can be used as rectifying elements or, under suitable
conditions, one can optically generate in these structures a macroscopic
electrical polarization thai gives rise to a cumulative photoveltage across
the uniformly doped sawtooth material. In addition, under appropriaie
hias they give rise to a staircase potential which has several intriguing
apphications.

RECTIFIERS The hasic principle of sawlooth rectifiers, recently demon-
strated by Allyn et al (23, 24), is shown in Figure 10. A sawtooth-shaped
polential barrier is created by growing a semiconductor layer of
graded chemical composition followed by an abrupt composition dis-
continuity. The adjoining layers, with which contact is made, are of
the same conductivity type. In the present case, the barrier material is
aluminum gallium arsenide (Al,Ga, _ ,As) in which the aluminum content
is graded and the adjoining layers are n-type GaAs. Near zero bias,
conduction in the direction perpendicular to the layer is inhibited by the
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barrier. When the device is biased in the forward dilrc?clnon (ésds};o:'n;:
Figure 10c) the voltage drop initially_ occurs across l}_le gr:a 2 lh?;m -
reducing the slope of the potential b_arner. and allowing (;ncrf"ise therm:
ionic emission over the reduced barrier. When the applie vo rgc ‘e. ceds
the barrier height, the device will cond_ucl comp]clc!y, as Im the c‘.a.::m 2
Schottky barrier. In the reverse dircct_lon (Figure 104) ¢ ':cln:ns vill be
attracted to, but inhibited from passing through, ll}c : r;:;;] P01 el
discontinuity at the sharp edg: of the sa::c:::‘tll;. ;l::) \Xd’:- hﬁs t[ l::elgrui:mary
and potential discontinuity is nown 10 OA. » the o
- ing mechanism will be tunnelling. The b.irne_r can

;?:lf;:iizl;r;n;rc:rﬁ;gd, although depletion of carriers fromlwnhan the
barrier (in the case of doped barriers) leads o band bc;:ndmg, whncll: ;cdr::c;cr:
the equilibrium height and width of the barrier. Multiple anu;ol’ lam_on
with five pericds were also fabricated (23). These showed a (u

3 {Q} COMPOSITION
‘
n
§ f UNDOPED b———
{OR N}
{b) ZERO BIAS

E (C) FORWARD

;__.__’_———-—"-_-'
3 L+
E {d) REVERSE

+

DISTANCE

Figure 10 (4} Compasitional siructure of a sawtooth barner revtifying struciure, (&) preten-
li;g; distribution for band-edge conduction clectrons al zeio bras (u{\d(»pcd h‘d;:llcl u\:i
{c) potential distribution under forward bias, and (d) polential distribution under reve

bias. (From Reference 23.)
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voltage equal to five times that of the single barrier, thus demonstrating
the additivity of the technique,

ELECTRICAL POLARIZATION EFFECTS IN SAWTOOTH SUPERLATTICES  The lack
of planes of symmetry in sawtooth superlattice material, compared to
conventional superlattices with rectangular wells and barriers, can lead 10
electrival polarization effects. Recently Capasso et al (25) reported for the
first time on the generation of a transient macroscopic electrical polar-
ization extending over many periods of the superfattice. This effect is a
direct consequence of the above-mentioned lack of reflection symmetry in
these structures.

The energy band diagram of a sawtooth p-type superlattice is sketched
in Figure 1la, in which we have assumed a negligible valence band offset.
The layer thicknesses are typicatly a few hundred angstroms, and a suitable
material is graded-gap Al,Ga, ,As. The superlattice is sandwiched
between two highly doped p* contact regions.

Let us assume that ¢lectron-hole pairs are excited by a very short light
pulse, as shown in Figure 114. Due to the grading, electrons experience a
higher quasi-electric field than do holes. For this reason, and because

(b)

bbb b

- ® @ 9@ e v

ic)

bagure 41 Formation and decay of the macroscopic electrivat polanzation in a sawlooth
superlattice, (From Relference 15,)
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f their much higher velocity, electrons separate fr(:m h}ol?l:-;h:fmd :each
; ide 1 i ond time (=~10 '' sec}. This sets up
ap side in a subpicosecon . ‘
h llo:;riiarl) polarization in the sawlooth structure, w'hlch re.s.ulls II'; |t:,‘c
anpea ance of a photovoltage across the device terminals (Figure 115).
appcar'dl:‘r::scopic dipole moment and its associated vnlta_ge subsequenliy
-drhe mdr‘n- 1i;:nc by a combination of {a) dielectric relaxation and (#) hole
ecay i
dr"lf"ll. excess hole density decays by dielectric relaxation 1o rcsllolrc e;\lﬂ':n
‘C ces? o . ) . . . = . . ) ’:
i iz as illustrated in Figure e Ne
alence band (equipotential) condition, as Stra e e Noie
H-IL"'LL lT:: f'u(mtll cc?nﬁguralion holes have redistnbuted 1o nLLIlId]II;L ll:t_
lhd‘l o ] a;l the hottom of the wells. Thus the net negative churgc du‘ltfl y
clcuImnlz)w gap side of the wells decreases with lhc. same time Lonsliml
0'“ th]c asitive charge packet (the diclectrie relaxation .ume). Thcbol ]Er
™ 1thzsﬁl by which the polarization decays is hole drift causeddhy lle:,
n?e‘.:;ric ﬁ-c1d created by the initial spatial separa?lnn_of e]eclrf;ns aln (zic;:
‘ c'}he graded-gap superlattice structure shownin Fliurc 1 Il.inf tl w;:,ded
by MBE. A total of ten gr:
/i +.GaAs buffer layer were grown :
I}j“'idps wc:: grown with a period of 2500 A. The layers are gr?_dedﬂf)r(;)E
2::&« to Alg ,GagsAs. A heavily doped GaAs cont?ct ]agcr (])Oig,cm )
g —um-thick AlgsGayss (P& S x
a8 on top of the 1-um-thic 0.03G30 = 3 % " om
Webdir\:‘;’;ycr UnI;)iascd devices were mounted in a Tluo:;vc z;;gz)hge
and : i i f wavelength 1 = .
and i i d with short light pulses (4 ]:_as) of w .
‘"I“1 ’-“t:‘;::n?ilgn length is = 3500 A. In this pamculgr urafer the carnlcr
T]e‘:ntrmli‘on was 10'* em~*. It was found that lh? rise time of lhinll{:e
:.T;:onse is <25 ps, while the fall time (at the I /e pomll) is :321001135. ign(,]f ;
. nal ¢ arried in this photodetector i
N ional delectors, the current carre . photodete of
Lionjezélr::?:l rather than a conduction nature since |l' 15 associated \‘LIFh 3
:‘lsr::dvurying polarization. This current, by continuity, equals the con-
me- #
duction current in the external load.

IRCASE STRUCTURES  Recently Capasso el a] introduced 1h-e‘CF)nccpll
S?a stui;case potential (26-30). This innovalive structure has 5](‘:'-‘6]’:.
o : aircase avalanche

i icati | concentrate on the stairca
i ng applications. We shat : ‘
ml:ccszzs(;:oge I(:'/lﬂ)&PD) (1, 26-30) and on the repeated veloaty overshoot
P ’
device (31).

Staircase solid-state photomultipliers and avalanche phoro.dr'ndt's F;gu;«‘i
12a shlows the band diagram of 1he graded-gap _ml{lulayer ma edn.
(assumed intrinsic) at zero applied field. Each stage is I_mc?rl)jrlfrdd‘e t;n
curAuposition from a low (£, to a high (E,,) l.)ani gag.d:;::l?nti::shzwﬁ
2 aterial. The conduction ban
back to low band gap material. _ " iscontinuity shown
; difference, as is typical of many [1-
accounts for most of the band gap . o ; v
;f:‘l:crojunclions. The matcrials are chosen for a conduction band dis

Figure 12
band snnpl
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continuity comparable to or
£, in the low gap material foll
in Figure 125, Consider a ph
The electron does not im
duction band step becau
however, the electron io
Note that the steps cor
created by electron imp

greater than the electron ionization energy
owing the step. The biased detector is shown
otoelectron generated near the p' contact:
pact ionize in the graded region before the con-
se the net electric field is too low. At the step,
nizes and the process is repeated at every stage,
respond to the dynodes of a phototube. Holes
act ionization at the steps do not impact ionize,
since the valence band steps are of the wrong sign to assist ionization and
the electric field in the valence band s too low to cause hole-initiated

ionizihon, Obviously holes mulliply since at every step both an electron

and a hole are created. The gainis M = (2 -3 where 8 s the fraction of
electrons that do not ionize per stage. The noise per unit bandwidih on

the output signal, neglecting dack current, is given by {i*) = 2ef,,MF,

where [, is the primary photocurrent and F the avalanche excess noise
factor. For the staircase APD Fis given by {30)

Ly ==
Fale ity o 9,

Band diagram of staircase solid-state photomultiphier. The arrows in the valence
y indicate that hodes o not impact ionize. (From Reference 30)
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Note that for small 3, Fz= 1 and is practically independent of the number
of stages. Thus, the multiplication process is essentially noise free. 1t s
interesting 1o note that the excess noise of this structure does not follow
the Mclntyre theory of conventional APD’s (21). Ina conventional APD
the minimum excess noise factor at high gain (> 10} is two if one of the
ionization rates is zero. The fact that in the staircase APD the avalanche
noise is lower than in the best conventional APD’s (x/f = ov) can be
understood as follows: In a conventional APD the avalanche is more
random because carriers can ionize everywhere in the avalanche region,
while in the staircase APD electrons ionize at well-defined positions in
space (i.e. the multiplication process is more deterministic). Note that,
similarly, in a photomultiplier tube the avalanche is essentially noise free
(Fz 1)

Finally, the low voltage operation of this device with respect to
conventional APD’s should be mentioned. For a five stage detector and
AE, = E, = I eV, the applied voltage required (o achieve a gain of about
32 is slightly greater than 5 V. Possible material systems for the imple-
mentation of the device in the 1.3-1.6 um region are AlGaAs/GaSb and
HgCdTe. In a practical struciure on¢ should always leave an ungraded
layer immediately after the step having a thickness of the order of a few
jonization mean frec paths (4, = 50-100 A) to cnsure that most electrons
ionize near the siep.

In progress toward the staircase APD, which has not yet been
implemented, recently Capasso et al (32) demonstrated experimentally an
enhancement of the a/f (=8) in an AlGaAs/GaAs quantum well super-
lattice. The effect has been attributed to the difference between the con-
duction and valence band discontinuities (AE, > AE,). Thus electrons enter
the well with a higher kinetic energy than holes and have a higher prob-
ability of ionizing. Note that the staircase APD is the limiting case of

this detector since the whole ionization encrgy is gained at the band
discontinuity. The staircase devices are probably the best example of the
band gap engineering concept.

Repeated velocity overshvot devices Another interesting application of
slaircase potentials has been proposed, the repeated velocity overshool
device {31). This structure offers the potential for achieving average drift
velocities well in excess of (he maximum steady-state velocity over dis-
tances greater than 1 pm. Figure 134 shows a general type of slaircase
potential structure. The corresponding electric field, shown in Figure 136,
consists of a series of high field regions of value E, and widih o super-
imposed upon a background field E,. To illustrate the electrical behavior
and design considerations for 8 specific case, we consider electrons in the
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Figure 14 Band diagram of a graded-gap repeated velocity overshoot device. (From Rel

crenee 31.)

tum (and velocitly) have relaxed, the distrihulior_x requires addntnlc:p::\l :;:;
to relax 1o its original energy. Thus, the spacing L .belwr}enh |glcctmn
regions must be large enough to allow sufficient cooling of t ee o
distribution before another overshoot can be attempted. This I; II:ccesSsu“)_(
o avoid populating the high mass sa:cll?te vglleys. Tht:- effeclf’ the Lcdrm
ing repeated velocity overshoot shown in Figure 13¢ is t.hat -:IVCI[':leg c dat
velocities greater than the maximum s_lcady-slalc velf)c1tyh§..i:(1! c man
tained over very long distances. A practical way te achieve this devic

graded-gap malterials is shown in Figore 14

Superlattice Band-Gap Grading and Pscudo-Quaternary
Allays

The growth of graded-gap structures of very shn_rl_ period m-prescn:t:;f:,!
challenge for the MBE crystal grower. In qddmon toa c,nlr??u L‘ con-
tralled MBE system, new techniques to achieve very .shorf d,l?l,‘”:]c.t ;lm.
posttional grading are necessary. One such l_cchmqnc is Iht recen }.llm 0

duced pulsed-beam method (33). This lechnqu_ﬂ can be us,L.‘d_ -mI: ﬂ}‘]uu[::rs‘
1o grow a variable gap alloy by alternately opening and cIogng thes atiers
of aluminum and gallium ovens. The result is an A’{\S/GdA.S 5urp:;rl;\ e
with an ultrathin fixed period (=20 A) bm‘a varying ratio or ” ?] '

GaAs luyer thicknesses. The local band gap is lhcrciure_ !l‘u;tho ;lclﬁictkjj
corresponding to the local average composition, .determmul y ll' ek
nesses of the AlAs and the GaAs. Since the period of 1hc super .1' |c\ i
much smaller than the de Broglie wavelengths of the carriers, the matenia
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behaves basically like a pariable gap ordered alloy. Such techniques have
been used recently 1o grow parabolic quantum wells (34) (Figure {5).
Another interesting example of superlattice alloys are the pseudo-qua-
ternary materials introduced by Capasso et al (35). Such artificial structures
are capable of conveniently replacing GalnAsP semiconductorsin avariety
of applications. The concept of a pseudo-quaternary GalnAsP Semicon-
ductor is easily explained. Consider a multilayer structure of alternated
Gag 47lng 5;As and InP. If the layer thicknesses are sufficiently thin (typi-
cally a few tens of angstroms) one is in the superlattice regime, As a result,
this novel material has its own band gap, intermediate between that of
Gag :Ing s3Asand InP. In the limit of layer thicknesses of the orderofa few
monolayers the energy band gap can be approximated by the expression

E = E(Gay 45In, 3xAS)L{Gao.uInu.uAS)+E.([nP)L(InP)
e L(Gao.41[ﬂo,5,AS)+L[[nP) '

where the L's are the layer thicknesses,

These superlattices can be regarded as novel pscudo—qualemary
GalnAsP semiconductars, In fact, like Ga, —InAs, -yP, alloys, they are
grown lattice-matched to InP and their band 2ap can be varied between
that of InP and that of Gag 47Ing 5;As. The latter is done by adjusting the
ratio of the Ga, ,.In, 5,As and InP layer thicknesses. Pscudo-qua[crnary
GalnAsP is particutarly suited to replace variable gap Ga, ,In As, i
Such alloys are very difficult to grow since the mode fraction ¢ {or ») must
be continuously varied while maintaining lattice matching to InP.

10.
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Figure 19 Compusitiona! strwctyre of parabolic quantum well versus distance front the well
venter {only hatl of the wetl is shown). The parabolic compasitional profile (sotid line} is
obtained by growing a superlattice of alternated Al, ,Ga, ;,As and GaAs fayers (dushed und
white regions respectively) of varying thicknesses. The numbers at the top of the figure are
the thicknesses of the A, 1Gay 70As layers. (Courtesy of R. C. Miller )
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Figure 16a shows a schematic of the energy-band diagram of undoped
(nominally intrinsic) graded-gap pseudo-quaternary GalnAsP. The struc-
ture consisted of alternated ultrathin layers of InP and Ga, 45In, 5;As
and was grown by a new vapor phase epitaxial growth technique, levita-
tion epitaxy (36). Other techniques, such as molecular beam epitaxy or
metallorganic chemical vapor deposition, may also be suitable 1o grow
such superlattices, From Figure 16a it is clear that the duty factor of the
InP and Ga, ,;In, s,As layer is gradually varied, while the period of the
superlaltice is keplt constant. As a result the average composition and band
gap {dashed lines in Figure 16a4) of the matenal are also spatially graded
between the two extreme points (InP and Gay .11 5,AS). In our structure
both ten and twenty periods (1 period = 60 A) were used. The InP layer
thickness was decreased linearly with distance, from =350 Ao =54,

G0 a71Ng 5348

Inp

p* i n*|i ’mml n- n*
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Figure 16 {u) Band diagram of a pseudo-quaternary graded- gap semiconducior. The dashed
lines represent the average band gap seem by the carriers; (5) and () are the schematic
structure and the electric field profile of & high-low avalanche photodiode using the pseudo-
quatcrnary layer 10 achieve high speed. {(From Reference 35.)

288 CAPASSO
while the corresponding Gag . /In, o As thickness was increased to keep
the superlattice period constant (=60 A).

The graded-gap superlattice was incorporated in a long-wavelength
InP/Ga, 4 ;Ing 5,As avalanche photodiode, as shown in Figure 16b. This
device is busicully a photodetector with separate absorption (Gag 4In, 5 A8)
and multiplication (InP) layers and- a high-low electric field profile
(H1-LO SAM APD). This profile (Figure 16¢c) is achicved by a thin doping
spike in the ultralow doped InP layer and considerably improves
the device performance compared to conventional SAM APD's (37). The
Ga, 4:In, 5;As absorption layer is undoped (1= 1 x 10'% cm ?) and
2.5 um thick. The n* doping spike thickness and carrier concentration
were varied between 500 and 200 A and 1 x 10'7 to 5 x 10'7 ¢m™*,
respectively (depending on the wafer), while maintaining the same carrier
sheet density (=2.5 % 10'2¢m-?). The n* spike was separated from the
superlattice by an undoped 700 to 1000-A-thick InP spacer layer. The p*
region was defined by Zn diffusion in the 3-um-thick low carrier density
(n = 10" cm-*) InP layer. The junction depth was varied from 0.8 10
2.5 g, Similar devices without the superlattice region were also grown.

Previous pulse response studies of conventional SAM APD’s with
abrupt [6P;Ga, ,In, 5;As heterojunctions found a long (> 10 ns) tail in
the fall time of the detector due to the piling up of holes at the hetero-
interface (38). This is caused by the large valence band discontinuity
(=0.45 eV). It has been proposed that this problem can be eliminated by
inserting between the InP and Gag 47Ing 5yAs region a Ga,_,InAs, Py
tayer of intermediate band gap (39). This quaternary layer is replaced in
our structure by the InP/Gag 4;In, 5,As variable gap superlattice. This not
only offers the advantage of avoiding the growth of the critical, inde-
pendently lattice-matched GalnAsP quaternary layer, but also may lead to
an optimum “‘'smoothing out” of the valence band barrier for reproducible
high-speed operation. This feature is essential for HI-LO SAM APD’s
since the heterointerface electric field is lower than in conventional
SAM devices.

For the HI-LO SAM APD pulse response measurement we used a 1.55-
um GalnAsP device driven by a pulse pattern generator. Figure 17
shows the response 1o a 2-ns laser pulse with (a) and without (&) a
1300-A-thick superlattice. Both devices had similar doping profiles and
breakdown voltage (=80 V) and were biased at --65.5 V. At this volt-
age he lernary layer was completely depleted in both devices, and the
measured external quantum efficiency was about 70%. The resulis of
Figure 17 were reproduced in many devices on several wafers. The long
tail in Figure 176 is due to the pile-up effect of holes, which is associated
with the abruptness of the heterointerface. In devices with the graded-gap
superlattice (Figure 174) there are no fong tails. In these cases the height
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Figure 17 Pulse response of a high-low avalanche detector with paeudo-guaternar liaver
(.‘l‘tj'!)‘ and withoul (hetton, to a 2ns, A= 185 pm Laser pulse. The b voltage v 655V
for both devices ; the time scale is 2 ns/div. (From Refercnce 35.)

of the barrier seen by the holes is no longer the valence band discontinuity
AE,. but
AE=AE,—ec\L,

where &, is the value of (he electric field at the InP-superlattice interfuce
and L is the thickness of the pseudo-guaternary layer. The devices are
biased al voltage such that &, > AE /el so that A = 0 and no trapping
accurs. In the devices with no superlattice instead AL is equal to AE for
so long lails in the pulse response are observed at all voltapes

L

every £,

Conclusions

The previous discussion has illustrated the tremendous flexibility intro-
duced by graded-gap material in heterostructurc design. Band gap grading
allows one to literally design and tailor the imporiant transpori properiics
to a given application (1). The mosl important characteristic of this hupd
gap ¢ngincering approach is that the electron and hole transport properties
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can be varied independently. Another characteristic is that the encrgy band
diagram and the associated transport properties can be varied continu-
ously. Thus the band gap can be considered, just as the doping or the layer
thicknesses, as an independent design variable.
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Abstract—Recen! advances In the area of quantum functional de-
o5 are discussed. After » discussion of the funciional device concepl
the Introduction, in the second sectlon resonant-tunneling bipolar
nsistors (RTBT) with a double barrier in the base region are de-
ibed. Design considerations For RTBT's with ballistic injection and
. first observaibon of minorliy-eleciron ballistic RT are presenied.
*BT"s using thermionke Injectlon and exbibiting high pesk-to-valley
llo at room temperature In the transfer characierisiles are ulso de-
ibed. Multipie-state RTBT's and their dc and microwave perfor-
\nce are discussed in the third section. Clreuit applications of RTBT s
+ discussed in the fourih section. It is shown that RTBT's allow the
plementation of many anwslog and digital circult functions with a
-atly reduced number of transistors and show considerable promise
* multipbe-valued logic. Experimental resuls on frequency multl-
ey and parity bit generators are presented. Ansbog-to-digital con-
rers and memory clrculls wre slso discussed. The structures pre-
Wed in the last sectlon sre of interest primarily as tools 1o investigaie
+ physics of transpert [n superisitices and in two-dimensional sys-
ns. Two new superiatlice base transistors are reported; negative
wnsconductance is achieved by suppression of injection Into mini-
nds. Gated quiiiom-well RT Lransistors are also discussed.

I. IneroDUCTION: FuncTional DEVICES

"N a remarkable and pioneering paper [1] entitled ** From
. Physics to Function,”” J. A. Morion of Bell Laboralo-
es, more than 20 years ago, introduced the functional
evice concept. The key characteristic of such devices is
1at “‘they promise to reduce greatly the number of ele-
jents and prorecc steps per function when their capabil-
ies are properly matched to an old or new system func-
on.”” Maorton provided a few examples of functional
evices, including the wnnel diode [2]. The charge-cou-
led device (CCD) 13], invented and developed in the
570°s, is another early example of a functional device
nce it can perform a wide range of electronic functions
wluding image sensing and signal processing.

There is no question that Merton was ahead of his lime.
lis vision, strongly relying on dramatic progress in

Manuscrpt received March 13, 1989, mevised June 23, 1989,
The authars are with AT&T Bell Laboratonies, Murray Hill, N1 07974,
ILEE Livg Nurmhes 8930567

growth techniques, material science, and semiconductor
physics, is only now gradually starting to become a real-
ity. In particular the advent of advanced epitaxial growth
techniques such as motecular-beam epitaxy (MBE) and
metalorganic chemical vapor deposition (MOCVD) and
of bandgap engineering [4] has made possible the devel-
opment of a new class of materials and heterojunction de-
vices with unique optical and electronic propesties. The
investigation of novel phenomena atising when the layer
thicknesses become comparable to the de Broglie wave-
length of electrons (quantum size effect) has proceeded in
parallel with their exploitation in novel devices such as
quantum-well (QW) Jasers, invented in the 1970's.

The invention of functional devices (in the sense of
Morion) based on quantum confinement, however, oc-
curred later in the early 1980's. In the opto¢lectronics arca
an excellent example is the self-electrooptic effect device
(SEED) [5], based on the quantum confined Stark effect,
which may have an important impact on photonic switch-
ing. Resonant-tunneling {RT) transistors are emerging in-
stead as some of the most promising electron functionat
devices.

RT through heterojunction double barriers (DB’s) was
first observed by Chang et al., in 1974 [6]. However, the
observed negative differential resistance (NDR) effects
were too small to be useful in device applications. The
impressive RT experiments at terahenz frequencies of
Sollner et al. in 1983 [7] stimulated rencwed interest in
NDR. O«illation frequencies in excess of 400 GHz have
been demonstrated [B]. The remarkable progress in MBE
during 1he ast decade has recently made possible the oh-
servation of high peak-1o-valley ratios in RT DR’s [9]
The literature on RT DB's is vast. The inierested reader
is referred Lo recent reviews [10], [11] covering the phys-
ics as well as the dc and high-frequency performance of
RT diodes.

As carly as 1963, Davis, Hosack, and logansen sug-
gested that the well in a unipolar RT DB could act as the
control electrode of a transistor [12F, [13].

0018-9383/89/1000-2065301.00 ) 1989 IEEE
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In 1984, Capasso and Kiehl proposed the concept of a
resonant-tunneling bipolar transistor (RTBT) [14]. Inde-
pendently, Riccd and Solomon [15}F discussed a similar
device. RT transistors allow the implementation of a large
class of circuits (e.g., analog-1o-digital converters, parity
checkers, frequency multipliers, etc.) with greatly re-
duced complexity (i.c., less transistor per function com-
pared to a circuit using conventional transistors) {14]. The
inherent functionality of these and other quantum electron
devices has led a group at Texas Instruments to project an
intriguing scenario for the future of electronics [16]. The
progress of intcgrated circuits has so far been marked by
increased levels of miniaturization to the point that now-
adays certain VLSl chips contain an average of
107 components. Due to interconnection limitations, this
scaling strategy will probably approach practical limits at
a minimum lateral dimension of patterned geometries of
~0.25 pm [16). After reaching the limits of conventional
scaling some time in the next 20 years, electronics will
have to find new paths for its evolution in order to survive
as an industry. New devices and circuit architectures will
be devised. RT transistors and quantum-coupled devices
may provide a way out, in light of their functionality and
the possibility of direct device interconnections via tun-
neling {16]. 1t has also been pointed out that the inherent
multistate nature of RT transistors could lead to new com-
puter archilectures using multiple-valued logic [14].

In i985, Yokohama et al. [17] at Fujitsu reported the
low-temperature (77 K) operation of a resonant-tunneling
hot-electron unipolar transistor (RHET). (For a compre-
hensive review of RHET's, see [18].) Room-temperature
operation of a RTBT, with a DB in the base, was dem-
onstrated in 1986 by Capasso et al. at Bell Labs [19]. An
RTBT with a single DB in the emitter was reported by
Futatsugi ef al. [20] at about the same time.

The emergence of AllnAs/GalnAs as a heterojunction
ideally suited for RT devices, due to the light electron
mass in the barrier (AllnAs) and the relatively large (di-
rect gap) conduction band discontinuity {21], has further
increased the pace of progress in this area, with many
groups currently invotved in RT transistor research. Re-
cently, the first multiple-state RT transistor was demon-
strated, along with its circuit capabilities |22], (23].

This paper discusses recent advances made by our group
at Bell Laboratories in the area of quantum-effect transis-
tors and their circuit applications.

1. ResoNanT-TunNELING BIPOLAR TRANSISTORS
(RTBT's) with Doumi BARRIER IN THE Base

The concept of an RTBT originated with the general
idea, conceived by Capasso and Kieh! in 1984, of asso-
ctating to each state of a quanlum system (for example,
the energy levels of a quantum well) a corresponding logic
level [14].

This general scheme leads naturally to the idea of mul-
tiple-valued fogic. Although such logic has been the sub-
ject of considerable investigation [24], all circuits so far
proposed and demonstrated employed two-state devices.'

Fig. 1. Band diagram of resonant tunneling transistors with {a} abrupt and
(b}, (c) tunneling emitter.

The rtesulting architectures are therefore complex and
cumbersome. The above correspondence (energy levels/
logic states) led to the conception of a class of bipolar
devices with inherent multistate operation [14].

Fig. 1 illustrates this type of device. It should be noted
that although these transistors utilize nonequilibrium in-
jection, the underlying operating principle is at the basis
of the operation of all other RTBT's with the quantum
well in the base irrespective of the details of the base con-
tact. As the base-emitter voltage is increased, RT through
each subband first reaches a maximum and is then
quenched as the bottom of each QW subband is lowered
below the conduction band edge in the emitter. This pro-
duces multiple peaks in the collector current, i.c., multi-
ple negative transconductance. A tunnel emitter device
with a parabolic well in the base can be used (0 generate
equally spaced peaks. For example, using a well of width
200 A with an Al sGag 53As barrier, one finds an energy
level separation =64 meV. This gives a total of five stales
in the well. In a recent experiment [25], as many as 16
resonances were observed in RT diodes with a parabolic
well

A. Design Considerations for RTBT’s with Ballistic
Injection

The design of the transistors of Fig. 1 is cntical. This
is due to various requircments that must simubtancously
be satisfied in order to achieve acceptable current densi-
ties [ 2= 10°A fem?), current gains ( 2 10), and peak-to-
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valley ratios (>2:1). We assume first that the RT
through the DB is coherent; this can be achieved by de-
signing the DB so that A /T << 7,4, where T' is the reso-
nance full width at half maximum and 74 is the phase re-
laxation time |26}. An estimate of 1, can be obtained from
the reciprocal of the toral scattering rate 1/7; {inclastic
+ clastic) at the energy of the incident particle |26]. As
an cxample, in GaAs at a conccntrationg =5 x 10"
em™?, 1 /1y is in the range from 2 X 10" 57 10 2.5 x
10" 57! for injection energies in the range from 0.1 10 0.3
¢V {27]. Thus, to ensure that the above condition for co-
herent transport is satisfied, ' should be larger than ~ 10
meV. This can be achicved with the ground state reso-
nance (E; = 133 meV) of an Al ,,GagepAs (15
A)/GaAs (30 A) DB, for which tunneling resonance
calculations show I' = 64 meV. The coherence of the RT
process and the lateral momentum conservation during
tunneling ensure that in symmetric DB's incident elec-
trons with a perpendicular energy E, equal to the bottom
of one of the subbands of the well traverse the DB with
unity transmission. However, in any experimental situa-
tion the incident perpendicular energy distribution func-
tion (per unit vaiume and unit encrgy) n, (£, ) has a fi-
nite width A E; in order (o exploit coherent RT and achieve
» high base transpont factor, 4 £ must be smaller than I,
If AE >> T (a situation commonly encountered in DB
diodes), only a small fraction of the incident electrons ~
['/AE contributes to the RT cument Jp. Jy is then ap-
proximately given by

v Jr = evpn, (Eg) TTy {1}

where Tz =~ 1, Eg is the transmission resonance energy,
and 11 is the perpendicutar component of the velocily cor-
responding to £, = Eg. Since I = Ey Ty where T is the
transmission of the individual barriers (usually << 1),
(1) shows that, for a broad incident distribution, it is the
transmission of the individual barriers and not the overall
transmission of the DB to determine the current [28).
Therefore, (o maximize J;, AE must be smaller than I
To achieve this, the energy distribution in the emitter
should be narrower than the resonance width, and elec-
trons should traverse the distance between the DB and the
emitter quasi-ballistically. The width of the emitier en-
ergy distribution perpendicular to the barrier is approxi-
mately ;T + ®,, where k5T is the thermal energy and
?, is the quasi-Fermi energy in the emitter, which is com-
parable 10 the equilibriem Fermi level.

Consider first the structure of Fig. 1{(a). The emitter
compositior suuuld be chosen in order (o have AE, = E,
so that under resonance conditions the conduction band in
the emitier is nearly flat to maximize the peak collector
current. If AE_ is significantly smaller than Ep, then the
base-emitier junction must be biased beyond flat band to
achieve resonance. In this case, the electric field in the
emitter will heat the injected distribution and broaden it,
an unwanted effect in light of the above discussion. On
the other hand, if A E, is significantly Jarger than Eg, then
at resonance the emitter current will not be large enough
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due to the residual base-emitler barrier. Consider, for ex-
ample, the Al (Gag 4As /GaAs DB previously discussed.
The emitter composition should be chosen 10 be approx-
imately Al :0Gay goAs, which corresponds to AE, =~ E%
= 133 meV. For an emitter doping density of 5 X 10’

cm™?, the width of the distribution ballistically launched
with an energy £, = AE, by the abrupt emitter is =350
meV, which is close o the resonance width in the DB.
One must, however, also consider the effects of scantering
in the region between the DB and the emitter, which
broadens the distribution. In order to achicve a high peak-
to-valley ratio, scattering in this rcgion must be mini-
mized. Electrons are launched by the emitter with a for-
ward velocity (2AE./m*)'/? = 8 x 107 cm /s limited
by the band structure. Since the scattering rate at the in-
jection energy is w2 X 10 57! (forp = 5 x 10" em™’
in the base), the mean free path for these electrons is A
= 400 A [27). If the distance between the DB and the
eminter (L) is kept at =300 A, this implics that only half
of the carriers ( = exp —L /) traverse this distance with-
out collisions. Electrons that have lost & portion {  op-
tical phonon energy, =35 meV, for the Al (Gag ¢As (15
A)/GaAs (30 A) DB case under consideration } of their
energy normal to the DB as a result of these collisions
will see a significantly reduced transmission through the
DB or ‘"miss™* the first resonance altogether if the width
of the latter is too small.

One way to considerably reduce the scattering rate is 10
dope cxtremely heavily (> 10%° cm™?) the region be-
tween the DB and the emitter. Recent theoretical work by
Levi ef al. [27] has shown that the inclastic scatlering rale
of minority-carrier clectrons in p-type GaAs first in-
creases with increasing doping and rapidly decreases for
doping levels well above 10 cm™>, due to the decreased
phase space available for scattering. These levels can be
achieved by carbon doping [29], which also has the ad-
vantage of a small diffusion cocfficient. A1 the same time,
elastic scattering, which increases rapidly with increasing
doping, can be strongly suppressed by placing impunties
in a periodic sublattice by delta doping techniques [30].
Scatiering rate calculations show that, a1 injection cner-
gies of m0.15cV and forp = 2 X 10% cm™’, mean free
paths as long as 1500 A can then be achieved in GaAs
[271. In this way one can minimize scaltering in the region
between the DB and the emitier. These considerations of
course also apply to the siructures of Fig. 1{b) and {(c).

The above discussion clearly demonstrates that the de-
sign of an RTBT with quasi-ballistic injection is an ex-
tremely difficult task. This may be somewhat easier (o do
in AllnAs/GalnAs and InP/GalnAs systems in light of
the larger mean free path of electrons in p-type
Guy ,sIng 53As (approximately twice that of GaAs at the
same injection energy) and the smaller effective masses
in the barrier and well layers. The preferred structure in
this case would have a tunne! emitter of the type shown
in Fig. 1(b), (¢) and consisting of a Gay sIny 5;As layer
followed by an InP or an Alg lng s;As tunnel bamier.
Tunnel emitters allow one o bias the base-emitier junc-
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tion well beyoad tlat band while still maintaining a narrow
incident energy distribution.

B. Observation of Quasi-Bullisiic Resonani Tunneling
in a Tunneling Emitter RTBT

in this section we present results on the RTBT of Fig.
I(b), fabricated in the AllnAs/GalnAs system. The col-
lector layer is 3000- A -thick undoped Gag 41Ing s3As. The
base layer comprises a §00-A region on the emilter _side
{doped 1o p = 3 x 10" em™?} and a 2000-A region,
doped 10 p = S % 10" cm™?, on the collector side,
separated by an undoped AlgulngsAs (50 Ay/
Gay olng syAs (100 A) DB. The emitter consists of an
undaped Alg iylng 52As 30- A tunnel barrier sepatated from
the base by a 50- A undaped space layer and followed by
ann = 1 X 10" ¢m™? 3000- A -thick Gag 47Ing 53As layer.

The device transfer characteristic in the common-base
configuration is shawn in Fig. 2 at Vep = 1OV at cry-
ogenic temperature. The collector current rises rapidly
above the built-in voltage (¥, = 0.8 V) and peaks at =
1.25 V. This value equals the calculated voltage required
10 line up the bottom of the first quantized subband in the
accumulation layer on the emitter side of the tunnel bar-
rer with the second resonance of the well (E; = 193
meV ). Thus, this peak comesponds to the ballistic RT of
electrons injected from the emitter in the first excited state
of the QW.

Note that the negative transconductance region after the
peak is broad { = 0.2 eV} and the peak-to-valley ratio is
small. These features can be understood as follows. The
mean free path in p*-InGaAs for electrons with kinetic
energies of the order of 100 meV can be estimated to be
about 500 A [31]. A large fraction of the electron distri-
bution incident on the DB is therefore nonballistic due
to scattering in the region between the emitter and the
DB. The dominant scattering mechanisms for electrons in
p*-InGaAs doped to densities > 10" cm ™ are inelastic
collisions with holes and coupled phonon-plasmon modes
{31]. Assume now that the emitter-basc junction is biased
beyond the second resonance of the quantum well (QW)
so that the electron injection encrgies exceed E;. The in-
jected electrons that approach the DB ballistically have
their energy mosily associated with perpendiculzr motion
so that E, > E;. These tlectrons thercfore cannot reso-
nantly tunnel into the QW. On the other hand, the part of
the electron distribution that evolves following scattering
has electrons with reduced E, . This part contains elec-
trons with E, equal to E, and E; 5o that they are still able
to resonantly tunnel into the QW when incident on the
DB. This provides an increasing background to the col-
lector curvent as Vg increases. We therefore have a rather
broad peak region and a small peak-to-valley ratio in Fig.
2. Since the DB region in our device has no intentional
dopant impuritics, the possible effects of clastic scattering
centerss in the QW on the peak-lo-valley ratio [32] are rel-
atively unimportant in the present case.

Previous work by some of us [33] on the RT spectros-
copy of electrons injected via band discontinuitics in p*

8- Veg = 'OV
£
I .
E
o
2+
o L L L ]
0 1 2
Vea (V)
Fig. 2. Transfer characteristics of the vesonant tunneling transistor of Fig
I{b) a1 10 K.

GaAs wells observed the formation of a broad hot distri
bution induced by scattering, but failed to detect ballistic
effects, probably due to the shorter eleciron mean free patl
in GaAs.

It is interesting to note that we have nai observed a peal ®
comresponding to the first resonance of the well (E, = 41~
meV ). This is primarily due to the fact that the peak cur
rent associated with the first resonance is smaller than th
one through the resonance by the ratio ( ~10) of th
transmission coefficients of the individual barrier at th
two resonant energies (sce (1)), so that the first peak i
masked by the rapidly rising emitter current for Vg =
V,.; in addition, the effects of scatiering on the incider
distribution will reduce the peak-to-valley ratio an
broaden the peak, as previously discussed.

C. Thermionic Injection RTBT's Operating at Room
Temperature ;
The first operating RTBT was demonstrated by Capass
ef al. in 1986 (19] and was designed 10 have minorit
electrons thermally injected into the DB. This makes th
design of the device much less critical; the structure im ®
plemented in the AlGaAs system operated at room tem >
perature. The band diagram of this transistor is show
in Fig. 3(a), (b) under operating conditions. The allo
composition of the region adjacent to the emitter is ad
justed in such a way that the conduction band in this re
gion lines up with, or is slightly below, the bottom of th
ground-state subband of the QW. For the 74-A well wit,
21.5-A AlAs barriers, the first quantized energy level i
E, = 65 meV. Thus, the Al mole fraction was chosen t
be x = 0.07 (corresponding to £, = 1.521 ¢V so th
AE_ = E,. The QW is undoped; nevertheless, it is eas
1o show that there is a high concentration ( =7 x 10!
em™?) of two-dimensional hole gas in the well. Thes
holes have wansferred by tunneling from the nearb:
Aly 1Gag 53As region. This reduces scattering in the we!
by essentially eliminating elastic scattering by the dopin,
impurities [32). Electrical contact was made to both th
well region and the GaAs postion of the base adjacent ©
the DB, but not to the Al, Gay gyAs region. The wide
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Fig. 3. Energy band diagrams of the RTBT with thermal injection for different base currents I at & fixed collector emitter voliage Ve, (not 10 scale).

with current gain (a), uatil near flat-band conditions in the emitter are

As Iy is increased, the device first behaves as a

achieved. For {, > Iypy. & potential difference develops across the first AlAs barrier. This raises the conduction band edge in the emitter above the
First resonance of the well, thus quenching resonant tunncling and the collector curmem (b). The colicclor current versus basc corrent in the common
cmitter configuration, al room temperature, is shown in (c). The line connecting the duis points i drawn only lo guide the eye. An alternative RTBT

design is shown in (d).

gap emitter ( Aly 55Gag 15As ) provides the well known ad-
vantages of heterojunction bipolar transistors (HBT's).
Details of the structure and of the processing are given in
119].

In order to understand the operation of the device, con-
sider a common-emitter bias configuration (Fig. 3(a}, (b)).
Initially the collector-emitter vollage Vg and the base
current Iy are chosen in such a way that the base-emitier
and the base—collector junctions are, respectively, for-
ward and reversed biased. If Vg is kept constant and the
base current fy is increased, the base-emitier potential also
increases until a fat conduction band condition in the
emitler-base j-u junction region is reached. The device
in this regime behaves as a conventional transistor with
the cotlector current linearly increasing with the base cur-
rent (Fig. 3(ch. The stope of this curve is, of course, the
current gain g of the device. [n this region of operation,
electrons in the emitter avercome, by thermicne mjec-
tion, the barrier of the base-emitier junction and underge
RT through the DB. If the base current is further increased

above the value [y, comresponding to the fat-band con-
dition, the additional potential difference drops primarily
across the first semi-insulating AlAs bamer (Fig. 3(b))
since the highly doped cmitter is now fully conducting.
This pushes the conduction band edge in the
Alp 07Gag g1As above the first energy fevel of the well, thus
quenching the RT. The net effect is that the base transport
factor and the curremt gain are greatly reduced. This
causes an abrupt drop of the collector current as the base
curtent exceeds the threshold vatue fg, (Fig. 3(c)). Thus,
the device has negative transconductance.

1t should be clear that this device is not equivalent to a
serics combination of an RT diode and a bipolar transistor
since electrical contact 1s made 1 the QW. Thus, the
base -emitter voltage directly modulates the energy differ-
enve between the states of the well and the emitter quase-
Fermi level (see Fig, 3). Recently an RTBT based on this
operating principle but with the base layer restricted to the
GaAs quantum well was reported {34}, as originally pro-
posed by Riccd and Solomon [15].

pitr]

Yokoyama ef al. 118] reported an RTBT with the DB
between the base and the emitter, exhibiting negative
transconductance at liquid-aitrogen temperature. Since the
quantum well is not contacted and is placed out of the
base, this device, unlike the ones of [19] and [34], can be
thought of as a monalithic series integration of a DB and
a bipotar transistor.

Several alternative RTBT designs are possible; one is
shown in Fig. 3(d)}. Here the p-region between the DB
and the emitter is eliminated. The well is heavily doped
with low-litfusion acceptors (e.g., C). The operating
principle is the same as that of the device of Fig. 3(a),
(b).

D. Speed and Threshold Uniformity Considerations in
RTBT's

The insertion of a DB in an HBT structure offers new
interesting circuit opportunities but also raises questions
conceming its eflects on speed and threshold uniformity.

With regard to the speed issue, the introduction of a DB
in the base or in the emitter will increase the emitter-
collector delay time 1, and therefore reduce the cutoff
frequency fr. This is due to the wnneling delay time,
which in general is a complicated function of the shape
of the incident perpendicular ¢energy distribution. If the
latter is much broader than the resonance width and nearly
centered on one of the resonances, it can be shown that
7y is approximately given by [10]

d 2A

™ T (2)
The first term represents the semiclassical transit time
across the RT structure of width d and is = 0.1 ps for the
RTDB's of interest here. The second term is the so-called
phase time. In the RT 1mansistor structures with potential
practical impact (e.g., Fig. 3), the first resonance width
is much smaller than the quasi-Feoni energy in the emit-
ter, thus satisfying the first assumption underlying (2).
The condition that the tunneling wave function be nearly
centered on the resonance is only partially valid, thus
making (2} good for an approximate estimate of the delay
time associated with RT. It is clear from this expression
that to minimize 7y, the resonant width T'y, which depends
exponentially on the barrier thickness, must be maxi-
mized.

Consider an RTBT structure of the type previously dis-
cussed (Fig. 3). Fora 17-A AlAs bartier thickness and a
45.A GaAs well, tunneling resonance calculations give
£, = 0.136 eV for the first energy level and 24 /T, =
0.45 ps L10]. The first term in (2) is 0.08 ps (assuming a
drift velocity =107 vm /s since overshoot effects follow-
ing injection in the DB are possible [10}]). Thus, 7p = 0.5
ps. It is well known that AlGaAs/GaAs HBT's without
an RTDB and uniform composition in the base can achieve
f¥'s > 50 GHz. The introduction of the above DB in an
HBT with f; = 50 GHs will increase 1, by 0.5 ps thus
giving f; = 43 GHz. This example shows that RTBT’s
with suitably designed DB’s should have cutoff frequen-
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cies and overall speed of response comparable 10 that of
state-of-the-art HBT's. A Gag arlnp 53As HBT with an
Alg altio 5:As (44 A)/Gag 1lng s1As (38 A) DB in the
emitter having an f; of 12.5 GHz has recently been re-
ported (see [18]). The microwave performance of multi-
state RTBT's will be reported in the next secrion,

Concerming the threshold ( Vary) uniformity issue, ler
us recall that a conventional HBT has excellent uniform-
ity (approximately a few millivolts) both on the same
wafer and from wafer to wafer since Vagy is given by the
base -emitter built-in voltage. The latter is proportional to
the bandgap and weakly {logarithmically) dependent on
doping. The introduction of a DB in an HBT will induce
greater fuctuations in Vary. To estimate the latter, con-
sider the case of an RTBT with a DB in cither the emitter
or the base. The vollage position of the collector current
peak (transistor fully on) is approximately given by Vae
+ 2E, /e where E, is the energy of the first resonance of
the well. E, can fluctuate across a wafer primarily due Lo
in plane thickness Auctuations Al Assuming for E, the
well known formula of an infinite potential well (this as-
sumption provides an upper limit for the Ructuations in
E,). one finds that AE, = 2E, 4l/1 Thus, the corre-
sponding fluctuation in the peak position is

4t
e |

AV, = AVa + (3)

Thickness fuctuations in state-of-the-ant MBE material
are of the order of one monolayer, i.e. 41 = 2.83 A For
an RTBT with the double barries considered in this sec-
tion, (3) therefore gives AV, = 34 mV. One obtains AV,
= 21.5 mV for an RTBT containing an AllnAs (25
A)/GalnAs (50 A) DB. Values 100 mV are adequate
for the circuits envisioned with this technology.

lII. Devices wiTH MULTIPLE Peax I-V
" CHARACTERISTICS AND MULTIPLE-STATE
RTBT's

A simple approach to realize multiple-peak -V char-
acteristics is the integration of a number of RT diodes. In
this method, a single resonance of different quantum wells
is used to generate the multiple peaks. Hence, they occur
at almost the same current level and exhibit similar peak-
to-valley ratios as required by the circuit applications that
will be discussed in the following. However, these de-
vices do not have the gain and input-cuipat isolation of
three-terminal devices.

There are two different ways 1o integrate RT diodes to
achieve this characteristic. One is 1o horizontally inte-
grate them {35], [36] so that the diodes are in parallel in
the equivalent circuit. The other is to vertically integrate
them [37]. [38] sv that they are in series. In this section
we shall discuss only the latter approach since 1t is im-
portant for the design of the multistate RTBT. The rest of
the section is devoted o RTRT's with multiple peaks in
the transfer characteristics and their digital and analug cir-
cuit applications.
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A. Vertical Integration of RT Diodes

Vertical integration of RT structures is achieved by
stacking a number of DB’s in series, scparfucd by heavily
doped cladding layers 10 quantum mechanically decoupl‘e
the adjacent DB's from cach other 137}. [38). The_ DB's
arc designed so that the ground state in the QW is sub-
stantially above the Fermi level in the adjacent r:lac_ldm_g
layers. The band diagram of the structure under _b:as is
shown in Fig. 4. When bias is nppliec!, the _electnc field
is higher at the anodc end of the device (Fig. 4(a)) ‘be-
cause of the charge accumulated in the QW's under bias.
Quenching of RT is thus initiated across the DB adjacent
to the anode and then sequentially propagates (o the other
end as the high-field region widens with increasing ap-
plied voltage, as shown in Fig. 4(2) and (b). Once RT hgs
been suppressed across 3 DB, the vollage d_rop across it
quickly increases with bias becauwse of the lnf:rcased re-
sistance. The non-RT component through this DB pro-
vides continuity for the RT current through the other_DB 5
on the cathode side. An NDR region is obtained in the
-V, corresponding Lo the quenching of RT lhl_'ough cach
DB. Thus, witn # diodes, n peaks are present in the /- V.

Gencrating multiple peaks by combining tunnel t_ilode.s
in series is well known [39]. However, the mechanism in
that arrangement is different. The tunnel diodes usgd_m
such a combination must have different characteristics
with successively increasing peak currents, so that each
of them can go into the NDR region only whc_n the cor-
responding current level is reached [39]. Besides struc-
tures using RT, diodes have significant advantages aver
ones using tunnel diodes 135].

We have tested devices consisting of two, three and five
Al qany s7As (50 A)/Gagaslng s3As (50 A) DB's in
serics, separated by a 1000- A thick o* Gag 47lng s7AS
region. The resulting I-V characteristics taken in both
polarities of the applied voltage at room temperature are
shown in Fig. 5(a), (b), and (c). Positive polarity he_re
refers 1o the top of the mesa being biased positively with
respect 1o the bottom. Note that in this polarity, the de-
vices show two, three, and five peaks in the I-V chara.ac-
teristics as expected. In the negative polarity, the third
peak is not observed in the device with three DB's_ bc
cause of rapidly increasing background current. This is
believed 10 be due to structural asymmetry unintentionally
introduced during growth.

B. Multi-State RTBT's

The stacked RT structure discussed above was used 10
design an RTBT exhibiting multiple NDR and ncgative
transconductance characteristics [22], 123]. A schematic
of this transistor is shown in Fig. 6. The device essen-
tially consists of a Gay 7Ing s3As / Al 5lng s2As n-p-n
ransistor  with  a  stack of 1two Gagalne 1iAs
(50 A}/ Alg slny 52A5( 50 A) RT DB’s, as discussed be-
fore, embedded in the emilter. Details of the siructure
(doping and layer thicknesses) are described in [22).

The operation of the transistor can be understood frf:m
the band diegrams in the common-emitter configuration
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b
Fig. 4. Vertica' integration ol resonant unneling diodes. Band diagmam
under applicd bias {a) with RT quenched through the DB adjacent 10 the
anode and (b) after expansion of the high-field region 10 the udjucent DB
with increasing biss. The arrows indicate the RT component of the cur-
rent.

0}
50mA giv

Fig. 5. Curment-vulinge characleristivs of the devices with (a) twa, (b)
three, and () five vemicalty integrated RT double barriers, 1aken fur both

bias polarities ut 300 K.

2072

IEEE TRANSACTIONS ON ELECTHRON DEVICES, VOL 36 NO (0, OCTOBER 1y

EMITTER

" - GalnAs 50004
u- AtlnAs 50X
u-Galnas 50
w-atnas 50X
n*- Golnas 10003

u-allnAe 50X
u-GalnAs 30
Bas u AfnAs 50
_mi n-Golnks 500 Bast
p*-Golnas 3000OR

n- Galns 30004

COLLECTOR COLLECTOR
: ™

n*-GalnAs 5000 A
n* [nP SUBSTRATE

Fig. 6. Schematic siructure of the mukiple-state RTBT.

shown in Fig. 7. The collector-emitter bias (Vg ) is kept
fixed and the base-emitter voltage ( Fgg) is increased. For
Vgg smaller Lhan the built-in voltage ( Vg, = 0.7 eV at 300
K) of the Gag 47Ing 53As p-n junction, most of the bias
Yollage falls across this junction (Fig. Ta)), since its
impedance is much greater than that of the two DB's in
series, both of which are conducting via RT, The device
in this region behaves as a conventional bipolar transistor
w‘ith the emitter and hence the collector current increasing
with Ve (Fig. 8) until the basc-emitter junction reaches
ﬂ!e_ Rat-band condition. Beyond flat band, most of the ad-
ditional increase in Fyge will fall across the DB's (Fig.
7(b}), and as RT through these quenches sequentially by
the mechanism of Fig. 4, abrupt drops in the emitter and
hence the collector curreni are observed (Fig. 8). The
highest peak-to-valley ratio in the transfer characteristics

al room temperature is 4: 1 while it increases to about
20:1at77K.

Fig. 9 shows the common-emitter output charactetistics
of the transistor ({¢ versus Vg at different Ig) at room
temperature and 77 K. At low base currents Iy (and hence
low base-emitter voltages Vyg), the device behaves as a
conventional bipolar transistor as discussed before, with
a large differential current gain (200 at 77 K and 100 at
300 K) With increasing Iy (Vgg) beyond the Aat-band
condition, the excess applicd voltage Vg, starts appearing
across the series of DB's in the emitter; as RT through
them quenches sequentially, at threshold base currents
_I,,* 1 and fg,, 2, the clectron current across the base-emitier
Junction drops abruptly, This resuls in sudden quenching
of the current gain at these threshold base currents and
hence the collector current - also quenches, giving nse
to two NDR regions (Fig. 9). The highest peak-to-valley
ratio observed is 6: 1 at room temperature and 22 1 at 77
K. It should be noted that the small-signal curent gain of
the transistor at room temperature in its second (.2 mA
< _I,, < .6 mA) and third ({5 > 1.6 mA) operation
regions is reduced 1o 40 and 20, respectively. This is ex-
pected since the hole current Hlowing from the base toward

(0]

Fig. 7. Band diagram of the multiple-state RTBT in the common emin
configuration for different base-emitter bias conditions. (2) Electro
resonantly tunnel through both DB's; in the regime, the transistor opé
ates as a conventional bipolar. (b} Quenching of RT through the [{
adjucent 10 the p-n junclion gives rise (o & negative {ransconductan
region in the collecior curmenl. Quenching of RT through the uther [
produces a second peak in the -V,

30 mA/div

Fil. 8. Collector current versus base-emiticr voltage, in the comme
emilter configuration for ¥og = —0.1 V at (a) 300 K and (b) 77 K.

the emitter increases with increasing Fgg, thus reducin
the injection efficiency. This reduction of the current ga
is less pronounced at 77 K, since the thermionic How ¢
holes is much lower at that temperature.
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Fig. 9. Common emitier output characteristics of the multiple-siate RTBT.
Collector current versus collector-emitter voliage for different base cur-
rents, at {a} 300 K and {(b) 77 X

Fig. 10 shows the common-emitter transfer character-
istics of a «in.0lar transistor with three DB's in the emitter
at 77 K. The third peak is shifted out to a significantly
higher voltage compared o the other two. Qur syslematic
studies also indicated large hysleresis associated with the
same. Such behavior is not uncommon in RT devices
whencver there is large parasitic tesistance [40]. When
three DB's are put in series. the parasitics also add up and
enhance the effect. The structure with three peaks has 1o
be optimized 10 minimize these efects.

’I_‘o minimize the flow of holes from the base to the
emitter, an n* Al ,Ing 5;As layer can be inserted be-
tween the stack of DB's and the base, similar to the use
of a wide-gap emitter in HBT's. Preliminary results with
ann=1x 10" em~? 500-A AllnAs layer, followed by
!hc growth of an equally thick and doped AlInGaAs grad-
ing layer before the DB's, give a 3 of 4000 at 77 K.

C. Microwave Performance of Multistate RTBT s

In this section, we report the high-frequency eperation
of RTBT's [41].

The device structure, grown lattice matched 1o an InP
sgbslmle by MBE, is very similar 10 the one previously
discussed in Section 1[1-B, For microwave evaluation, the
present structure was grown on a semi-insulating InP sub-
strate instead of an n* one, Funhermore, the base-layer
thickness was reduced by a factor of two, down 10 1500
A and the doping was doubled (4 % 10" em ™) 10 re-
d‘uce the base ransit time without increasing the base re-
sistance,

The emitler-up transistor in a mesa configuration was
obtained by successive steps of photolithography and wet
chemical etching 10 cxpose the base and collector layees.
After plananzation of the stractures with dielectric dep-
osthion, a nonalloyed metallization (Ti/Au) was depos-
ed for the contacts. The cnitter area is 42 um’. The
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Fig. 10. Common-eminer umnsler chamcieristics of a multiple-sute RTBT
with three DB's in the eminter ar 77 K. - versus Vg, is shown for ¥,
=475 V.
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Fig. 11. Currenl gasn (h;,) as a function of frequency for diffzrent hias
points in the common-emitter configuration. Also adicated is the cor-
respanding collecior current density J, .

I- ¥ characteristics of the devices are vinuatly identical to
those of Figs. 8 and 9. The only difference is that the
collector currents are considerably smaller due 10 the
scaled down area.

Scattering (§) parameler measutemenls were per-
formed in the frequency range from 0.5 to 26.5 GHz using
a wafer prober in conjunction with an aulomatic network
analyzer (HPBS10B). Fig. 11 displays the current gain
(#,,) as a function of frequency for different bias condi-
tions. Curve (a) refers to an operating point after the sec-
ond peak in the common-emitter characteristics. The fr
obtained by extrapolation using a —20-dB /decade straight
line is 24 GHz, which is the highest ever achieved in an
RTBT. Previously a comparable cut-off frequency was
obtained in a RHET with a single collector curent peak
[42). Curve (b) refers 1o a bias point between the two
peaks. For curve {c) instead the base current {40 pA) is
such that no NDR appears in the corresponding common-
emitter charactenistic.

IV, CIRCUIT AFPPLICATIONS
A. Frequency Multiplier

The transfer characteristics of Fig. 8 were used o de-
sign the frequency multiplier circuit shown in Fig. 12(a).
As the input voltape is increased, the collector current in
creases resudting o a decrease in the collecsor voltage un
til the device reaches the negative tanscondoctanee re-
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gions where sudden drops in the collector current and
hence increases in the output voltage are ubscrv«_:d. I_'hus.
under suitable bias ( Vga), such that the base-cmitter junc-
tion is biased between the two peaks of the common-
emitter transfer characteristic, triangular input waves will
be multiplied by a factor of three and sinewaves by a fac-
tor of five [23]. Unlike two-termina) muitiphiers, tljne out-
put signal in this case is ground refercaced and is al§o
isolated from the input, These advantages arc obtan?cd in
this circuit because the multiple peaks are present in the
transfer characteristic of a transistor rather than the I-V
curve of a two-terminal device as in [35]. !t should_ be
noted that, in applications where two-terminal devices
cannol be used, conventional frequency-independent _tqulv
tipliers require the use of a phase-lock loop and & digital
frequency divider.
ghe g:in of the circuit is determined by the transcon-
ductance of the transistor and the collector resistance l_i’c.
However, too large a value for R will lead to sal_urauon
of the device at large input voltages. The saturation can
of course be avoided by the choice of a larger supp’ly v_olt—
age V¢, but the maximum usable Fee is prt?scn:ly Ilmllf:d
by the collector ‘base breakdown of the device. Tn our cir-
cuits we had Ve = 3.0V, Vyg = 18V . Re = S,H' and
Rg = 50 1. Fig. 12(b) and (¢) shows the ?xpcnmenlal
results of muitiplying the frequency of triangular and
sincwave inputs, respectively. The _polanly'r of the ou_lput
signals (bottom traces) are inverted in the display for clar-
ity of presentation. )
yForpfrt:quency multiplication at high _frcqugncncs, the
devices described in Section II-C were biased in the com-
mon-emitter configuration with Ve = 3.2 V and the char-
acteristic impedance of the 50-11 line as the lqad. T_hc
base- emitter junction was d¢ biased at 2.0 V via a bias
tee. A 350-MHz sinewave was applied 1o the base. The
amplitude was adjusted to achieve a l.nasc.—emmcr vom}ge
swing large enough to bring the device into the negative
transconductance regions of the transfer c_haraclenstlc.
The output power versus frequency was dtsplay_ed on ::_
spectrum analyzer (Fig. 13). Note that the amplitude 0
the fifth harmonic is much larger than lhE‘ll of the four!h
and the sixth. The efficiency of the multiplier (power ralio

of the fifth harmonic ta the fundamental) is =15 percent,

which is close to the maximum achievablt_: (20 percent} in
a resistive multiplier (= 1/n where n is the harmonic
under constderation).

B. Parity Generator

Fig 14(a) shows a 4-bit parity gencrator circuit em-
ploying the previously discussed muluple-st.at!: RTBT
{43]. The voltages of the four input bits oft.he digital word
are added up at the base node of the transistor by the re-
sistive network, to generate a step-like waveforn_L The
quiescent bias of the transistor, adjusted by the resistance
Ry, and the values of the resistances Ry are chosen to se-
lect the operating points of the transistor alternately at low
and high collectar current levels (i.e., valleys and peiaks
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response of the RTBT used as 1 frequency
10 dB /div, messured from the top hori-
frequency span is 1.8 GHz (130

Fig. k1. Power output lpecllra'l
multiplier. Yerticad scale is —
rontal line (0-dBm reference). The
MHz /div.)

of the transfer characteristics) at _lhe 'successwc slegs of
the summed up voltage. In our circuit, we had Ry ...V|5
K1, Ry, ~ 6.9 ki, Rpr = 2.4 kL, Re =159, and hcc‘
= 4.5 V. The output vollage at the collector would thus
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Fig. 14. (a) Four-bil parity generator circuit using an RTBT (R, = 15 k0,
Ry, = 6.9k}, Ry; = 2.4 403, and R = 13 ). Notc that the same circuit,
when ustd with only two input bits, will nct as an exclusive NOR gatc.
(b} Collector (10p irace) and base (botiom trace} wavelorms in parily
generator circuit mt 77 K, (¢) Collecsor (top trace) and basc {(botlom wrace)
waveforms st 300 K.

be high or low depending on the number of input bits set
high being c»un or odd, respectively. Thus, we oblain a
4-bit parity gencrator using only one tramsislor as com-
pared to the 24 necded in an optimized conventional cir-
cuit using three exclusive oR’s. Also note thut the 4-bit
binury Jdats are first converied 10 & mullistate signal that
is then processed by the device. This is equivalent 1o pro-
cessing all 4 bits in parallel, which results in improved
speed compared to conventional sequential processing of
binary logic. Such multistate processing elements thus
show potential in replacing clusters of circuits in existing
binary logic systems. Parity generators using horizontally
135] and vertically integrated [44] RT diodes were dem-
onstrated before. The advantage of the present circuit is
that g separate summing amplifier is nol required, result-
ing in further reduction in complexity.

To 1est 1he circuit, a pseudorandom sequence of 4-bil
binary words was used rather than a monotonically in-
creasing staircase waveform [44], since the lalier does not
take into account the effect of any hysteresis in the {-V
characteristics. Our train of input data produced both pos-
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itive and negative steps at the base of the transistor. Ex-
perimental results at 77 and 300 K are shown in Fig. 14(b)
and (c), respectively, where the top traces show the out-
put waveforms and the botlom traces the base waveforms
of the transistor. Considering the dotted line in the upper
trace as a logic threshold level, we find that the output is
low for the second and the fourth voltage levels at the base
while it is high for the others. It may alse be noted that,
at room temperature, the differential transconduclance of
the device decreases appreciably at higher voltages, mak-
ing the design of the circuit more critical,

C. Mulii-State Memory

A suitable load line drawn on I-V charactenstics with
n peaks will intersect the later at 1 + | poims in the pos-
itive slope pan, as illustrated in Fig. 15 in the case of iwo
peaks [35]. Thus, the circuit shown in the inset of Fig.
15 will have n + 1 stable operating points and hence can
be used a5 a memory element in an n + 1 state logic sys-
tem. Even in a binary computer, the storuge system could
be built around an n + 1 logic to increase the packing
density, and the data converted 1o and from binary at the
input-output interface. We have demonstrated the above
scheme using horizontally integrated RT structures cxhib-
iting two peaks in the I-V as described in [35]). With a
supply voliage Fgs = 16 V, a load resistance R, = 215
1, and the device biased to Vg, = 0.7 V¥, the three stauble
states were measured to be at 3.0, 3.6, and 4.3 V. The
corresponding load line drawn on the measured charac-
teristic of the device at Vg, = 0.7 V intersects at 2.8, 3.4,
and 4.1 V, respectively, which are in close agreement with
the measured values of the three stable operating points.
Similar memory cells utilizing tripte-well RT diodes have
been demonstrated by Tanoue ef al. [45].

The three-state memory cell discussed above is also
suitable for integration in memory 1C's with 8 READ/WRITE
and pecomng network laid out as shown in Fig. 16. The
memoary cells are placed in a matrix armay, and a particular
element in the array is addressed by activating the corre-
sponding row and column select lines. A row select con-
nects each device in that row 1o the corresponding column
lines. The column select finally connects the selected col-
umn to the data bus. Consider the element (i, j) of the
memory matrix shown in Fig. 16. When the row select
line is activated, it tums the driving switch Q1 on. It also
turns on the switches for every element in the ith row.
The column select logic now connects the jih column only
10 the data bus. The ternary identity cell acts as the buffer
between the memaory element and the external circuit for
reading data. For reading data from the memory, the iden-
tity cell is activated with the READ ENaBLE line, and data
from element number (i, j ) in the matrix goes, via the
data bus, 10 the in/out pin of the 1C. When the wiITE
ENABLE ling i activated, data from the external circuit are
connected 1o the data bus and are subsequently forced on
the (4, j jth element in the array and are writien there.
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D, Analog-to-Digital Converter

Amony the other cirenit applications of the multi-state
RTBT, the analog-to-digital converter, briefly mentioned
in [14] and showun in Fig. 17, is potentially the most sig-
nificant. The analog input is simultaneously applied 1o an
array of RTBT circuits having different voltage scaling
neiworks. To understand the operation of the circuit, coan-
sider the simplest system comprised of only two transis-
tors, @, and @,. The vollages at different points of this
circuit are shown in Fig. 18(a) for various input voltages
¥,. Consider that the resistances Ry, R,, and R; are so
chosen that the base voltages Vg, and ¥, of the transis-
wors { and @, vary with ¥, according to the curves ¥,
and Vg,, respectively. With the input voltage at V,, the
output of both of the transistors will be at the operating
point P (high state). With the input changing to ¥;, the

BINARY

ANALOG QuTPUT

INPUT ¥

Fig. 17. Aaalog-to-digital convener cintuil using multiple-statc RT

TRUTH TABLE

INPUT QUTPUT
vi 9z e
¥y 1 1
Va 1 o
Wy [+] 1
Ve | O | 0

b}
Fig. 18. The schematic operation of the analog to digital converrer
of Fig. 17, involviag only Z bits: (a) the voltages av differea pe
the circuit For vancus input voltages, {b) the truth table.

output of O, will become low { P}, while that of
stitd remain high (closer 10 Py). Applying this logic

input voltages ¥, and V,, it can be easily shown tha a
circuit indeed follows the truth table of Fig. 18(b).
outputs of the RTBT array thus constitute a binary
representing the quantized analog input level. The s
can be extended 1o more bits with a larger number of |
in the /-V. Note that this is a flash converter reqe
only n transistors for A-bit conversion as compared

analog comparators in conventional flash conventers.
thermore, the array of RTBT's not only works as the
parators, but also gives the digital cutput directiy, «
nating the 2"-1o-n bit decoder needed in convention:
cuits. This further reduces the circuil complexity
enhances the speed of operation. However, it is ver
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ficult 1o implement this circuit with the present RTBT s,
It should be noted that successful operation of the circuit
relics on transfer characteristics where the current re-
mains at a high or low level for a significant span of the
base-emitter voltage. In the multi-state RTBT's imple-
mented so far, on the other hand, the current gradually
increases with the input voltage and then suddenly drops
foilowed by another gradual rise.

In conclusion, it should be mentioned that, in all of
these circuits, the minimum allowable callector voltage is
determined by the maximum input signal voltage applied
at the base terminal, which is higher than that in a normal
bipolar transistor. In fact, in the multiple-state RTBT’s
demonstrated so far, the QW’s are positioned between the
base and the emitier contact so that the applied base-to-
emitter voltage is used to bias the emitter-base p-n junc-
tion and the QW's. The base potential is then clevated to
a relatively high value under operating conditions in the
common-emitter mode. As a result, the quiescent collec-
tor bias must be large in order to allow for sufficient out-
put signal swing without forward biasing the collector-
base junction. This requires proper care on the part of the
circuit designer and careful device design 5o as 10 achieve
sufficiently high breakdown.

V. GATED QUANTUM WELL AND SUPERLATTICE Base
TRANSISTORS

(nher than the RHET, several unipolar three-terminal
devices have been proposed and implemented utilizing the
RT structure 10 generzte voltage tunable NDR and nega-
tive transconductance characteristics. In 1985, Luryi and
Capasso proposed the quantum wire transistor [46], a de-
vice in which the resonant tunneling is of two-dimen-
sicnal electrons into a one-dimensional quantum well. In
1987, the resonant-tunneling gate field-effect transistor
(RT-FET) [47]-{49] was developed at Bell Laboratorics.
The integration of RT diodes and FET's {50]-152] and
their circuit applications 53] has also been demonstrated.,

Bandgap encineering also allows the utilization of RT
in other transistor struciures. One such structure is the
gated QW transistor, demonstrated at Bell Laboratories
154] in 1988, This is the first transistor in which negative
transconductance is achieved by directty controlling the
potential of the QW.

The structure was proposed by Bonnefoi ef al. [55] in
1985 under the name of the **Stark effect transistor.” The
key ideas of that transistor were the use of a QW collector
and the inverted sequence of layers in which the control-
ling electrode (here referred o as the gare [54]) was placed
“behind’* the collector Jayer. It was predicted that the
gale field would modify the position of the collector sub-
bands with respect to the emitter Fermi level and thus
modulate the tuaneling cunemt. As demonstrated in [54),
the structure offers additional advantages, namely NDR
and negative bansconductance. Moreover, the operation
of the device is ondy partly governed by the Stark efect,
In fact another mechanism, the guantum capacitance |56),
is essential in understanding its eperation.
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The device grown by MBE in the AlGaAs maternial sys-
tem consisted of an undoped quantum-well collector 120
A thick to which contact was provided. This layer was
separated from an n* -doped emitter by a 40- A -thick un-
doped AlAs 1unneling barrier. On the other side of the
collector, a 1200- A -thick undoped AlAs barrier was fol-
lowed by the n* gate. The doping of the 5000- A -thick
n* layers was nominally 2 x 10'* cm 3. The energy dia-
gram of the device is skeiched in Fig. 19.

The emitier-collector I-¥ characteristics of the device
are expected to peak al biases that maximize the RT of
the emitter clectrons into the 2-D collector subbands.
Transistor action in the structurc is obtained via the influ-
ence of the gate ficld on the alignment of the 2-D electron
gas energy levels relative to the emitter Fermi level. This
occurs, as anticipated above, for the combined action of
the generalized Stark effect and the quantum capacitance
effect. This contribution to the capacitance, not present in
a classical metal, arises from the energy that has to be
spent in order to raise the Fermi energy in the well, as the
carrier concentration is increased by the increasing gate
ficld. This causes the gate field to penetratc beyond the
2-D clectron gas in the quantum well and induce charges
on the emitier electrode [56].

In Fig. 19 the band diagram of the device is shown in
the common-collector configuration with applied biases
Ve > 0 and Vg < 0 such that the bottom of the conduc-
tion band in the emitter is in resonance with the second
collector subband; this comesponds to a peak in the cur-
rent. The RT current can be subsequently reduced by in-
creasing either Vg (in modulus) or V. The former leads
to the observation of NDR, the latter of negative trans-
conductance.

In Fig. 20 experimental data are shown at cryogenic
temperature. The expected features are indeed present and
were observed, although less pronounced, up to liquid-
nitrogen temperature. In particular, the data show for the
transconductance & value of the order of = | m§.

To understand why the peaks in Fig. 20 occur at such
high bias ¥, onc must consider the potential drop ({-R¢
in Fig. 19) across the series resistance Re (= 1 k) intro-
duced by the exposed part of the collector layer between
the emitter mesa and the collector ring contact [54].

As shown in [54], the operation of the device can be
modeled quantitatively with greal accuracy taking inte ac-
count the two mechanisms governing this structure.

This device has the advantage of a negligible gate cur-
rent (it is always several orders of magnitude smaller than
the emilter current), which gives a large current transfer
ratio but suffers from the drawback of a relative small
transconductance.,

Nepgative transconductance can also be obtained using
suitably designed minibaads in the superdattice base of a
transistor. In fact, one of the structures proposed by Ca
passo and Kiehl [14] consists of an HBT with a superlat
tice in the base. The emitter is degencrately doped so that
electrons can be injected by tunneling info the miniband
(Fig. 21(a)). When the base-emitter voltage eaceeds the
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Fig. 21. Band diagram of supertattice base HBT (n) und?r injection con-
ditions im0 the miniband and (b} st the onact of negative ransconduc-

Vg STEP =V

Vg 2V,

= tion of relatively wide minibands, in order to guarantee

Bioch conduction of injected electrons through the bqsel.
The calculations show that the ground state electron mini-
band extends from 36.6 10 75.2 meV, while the .heavy
hole miniband extends from 11.9 to 12 meV. Energics are
measured from the classical bottom of the conduction and
valence band wells, respectively. Conduction band non-
parabolicities were included in these envelope function-
type calculations; AE, = 0.23 e\"_and AE, = 037 eV
a -1 -z -3 4 -3 were used for the band discontinuities. o
EMITTER-COLLECTOR VOLTAGE (V) Fig. 22 shows the common-base transfer charactenstics
tics of the resonant tunncling an- 4 7 and 77 K, Consider first the collecto, current at 7K.
0. -1, -2, -3V) Themeswre: ' bp oo ow temperatures thermionic emission from the
emitter is completely negligible, and injection from t_hc
emitter is dominated by tunneling. From the band dia-
gram {Fig. 21) it is clear then that only a smal.l _declmn
current (zero at 0 K in the absence of band lalll!\g) can
flow from the emitter into the base until the quasi-Fermi

EMITTER CURRENT {mA)

| I S (| L

0a

Fig. 20. Common .coltector characteris!
sistor of Fig. 19 st vanous Ve i2, 1.
menls were performed at 7 K.

i i jon band
bias required to linc up the betiom of_tll1e condu?tnon
in the gmiuer with the top of the miniband (Fig. 21(b)),

i This negative
collector current is expected to drop. : i into | Femm!
:l:nsconduclancc arises in a straightforward manner from  energy i the emitter is lined up with the bottom

the conservation of lateral momentum and energy during  miniband. This requires a bias VE,:qual 10 (i:Fifa:Ff:{:;
nto the miniband, similar to the situation in + E,, + E, )/ e = 0.876 ¥, where ;Flpbmmm pemm
been observed by us in  energy in the base (= 15 meV), E s the o
heavy hole miniband (= 12 meV), E, , the GalnAs bu

The structure, grown by chemical-beam cpiullvxy, _1:; bandgap (f ‘0.812 eV).6agd E.{”th?nl::l:.i(:: (;ﬁ_ IFI:I::gﬁ;szt
nann® (100) InP substrate. Ann = 5 X 10" em electron miniband (= 36.6 meV). o e
g%nx Giag 47Ing 53As buffer layee is followed by anun-  indeed show that the collector current I'-at?|h:calcu]a|ed
3(1p¢|:1 nfly?).:.rﬁao ::Inu 53AS 1.8-um-thick collector. The for ¥y > 0.86 V. in good agreement wit t
base consists of ap’ (2 X 10 em ™) Gau_lulno ,:_AIT 500& un;:: vltl)il;:;geesginn .
A _thick tegion, adjacent to the collector layer, followed — —1he ¥ _ ec AR
I:; :;mzt(‘;‘—pefimi Ga(,J“!n., sAs (70 A) /InP(20 A) super- increasing the emiuter- hfc};“:an%:\:')yis:;nfilidlh ;f e
lattice. ‘The barricr layers are undoped while all the Ga-  118.6 meV Wht?r(.: AE, —d B N e the s
InAs wells are heavily doped {2 X 10'® cm %) p-type. A first e_lcctron mnnlband ?t“ éff‘;u; B B aepative
20-A undoped InP doping sel back layer sepan:les t,h,c Fermi energy in the eln'n ter. gi[ig; B e ey 5 ok
superlattice from the S000- A -thick n* (= 2 X 10" cm %) transconductance (voliage po.' fon Of the Pook ith the
1P mmitter This supertattice design ensures the forma- pected to be at 0.994 V, in excellent ag

tunneling i
RTDB's. This effect has recently
an InP/GalnAs supertattice HBT 57.

{ injection into the miniband requires
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Fig. 22. Transfer charucieristic of the superlatice base HBT in the com-
mon base configuration a1 two different lempe raturcs. The collecior-base
biss s —2 V.

eaperimental value (= 0.99 V). Following the drop in the
collector cunent, the lawer rises rapidly for ¥ = 1.02 V.
This is expected, since at a bius = E, + AE, = .03V
the conducuon band edge in the emitter becomes Ral,
leading to a steep increase in the injection efficiency. Note
that a1 77 K the peak shifts to a lower vollage. The shify
(= 25 mV) is close, as expecied, 1o the GalnAs bandgap
lowering (= 30 meV) as the temperature is varied from
Tt0 77T K.

The common-base charactenistics Icly versus Vg
showed a maximum base transport factor o = o/l =
0.75 at Vpe = 0,98 V. This value is consisient with the
maximum gain 8 = I-/ly = 3.3 measured in the com-
mon-¢mitter configuration. These values of o and B, al-
though far from optimal, indicatc that transport in the base
is via miniband conduction rather than hopping. Previ-
ously Palmier ¢f al. had reported an HBT with an Al-
GaAs /GaAs superlattice base [58]. Although miniband
conduction in the base was demonsirated, no negative
transconductance was shown since the structure did not
use a tunneling emitter for injection.

Negative transconductance can also be achieved by
controlling injection into minibands above the top of the
barriers. Recently, Lemt proposed a tunneling-emitter
transistor in which hot electrons transfer through the base
by miniband conduction in a continuum state [59), Here
we present the operation of a new superlattice base uni-
polar transistor in which electrons are injected into a mini-
band in the classical continuum {60].

The struciure, whose equilibrium conduction band en-
ergy diagram is sketched in Fig. 23(a), was grown by
MBE. It consists of an 8000-A n* collector followed by
an undoped Al,Ga, _,As layer 5000 A thick with x vary-
ing from 0 10 0.25. On top of these the SL base was
iown. consisting of 5.5 periods of 40- A n* GaAs /200-

undoped Al Gay 4,As. An undoped Al Ga, _ As in-
jector layer 500 A thick followed with x varying from 0
to 0.33, corresponding (o a band discontinuity AE, = 273
meV, rough!ly al the bottom of the chosen miniband. Fi-
nally, an n” emitter Jayer 3000 A thick concluded the
growth. In all the doped layers, n = 2 x 10" ¢ ~2,

palh g

Fig. 23. Cond basd cocrgy disgram of the supesl base transis-
tor: (&) al equilibrium and {b) in the common- base configuration near the
peak of the current-voltage chamcieristic. Furiher increase in the nega-
live emiuer-base bias will suppress injection in the base duc 1w quanium
retiections by the minigap.

The operation of the device is easily understood with
the help of Fig. 23 where the common-base operation
mode is illustrated. At a fixed positive colleclor-base bias,
the ncgative emitter-base bias (V, ) is increased and the
collector current is measured. By appropriately tailoring
the compositionally graded emitter barrier, clectrons are
injected into the third miniband. The energy dispersicn of
the latter was calculated in the envelope function approx-
imation taking into account band nonparabolicities and is
large enough (= 23 meV) to guarantee miniband conduc-
tion. Increasing Vg will further flatien the triangular in-
jector and increase the injection current. However, part
of the bias will appear in a depletion region in the base,
thus shifting the top of the band discontinuity with respect
to the miniband. When this shift is larger than the mini-
band width, the injected electrons will not be able to sat-
isfy the energy and lateral momentum conservation con-
ditions at the imterface and will experience strong quantum
mechanical reflections. Consequently, the injection effi-
ciency will drop together with the collector current, and
the I-V characteristic will exhibit negative transconduc-
tance. This effect is shown in the experimental curves
shown in Fig. 24. In fact, a 23-meV shift {~ miniband
width) of the top of the injector band discontinuity is re-
quired to suppress electron injection. This corresponds o
an almost total depletion of the first well of the base and
gives by a simple electrostatic computation an emitter-
base bias of = 0.6 V in agreement with the peak position
for Fep < 0 (Fig. 24).

In the present structure the base transpornt factor is
<< 1 leading to a small /. Optimization of the design
and elimination of stray lcakage paths must be achieved
in order to enhance a.

The structures discussed in this section are of interest
pomarily from a physics point of view as tools 10 inves-
tigate transport in two-dimensional systems and superlat-
tices. Their operation so far has only been demonstrated
at cryogenic temperatures. Performance-wise, these de-
vices have severa! shoricomings in comparison with the
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much more advanced RTBT's described in the preceding
sections.
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ABSTRACT

The first observation of scattering-controlled transmission resonsnces in
superlattices is reported. These originate from states supported by subsets of
the superlattice of thickness equal to the electron eoherence length. At lower
electric fields a broad region of negative differential conduciance (NDC) due to
progressive field-induced wavefunction localization is also observed. This
phenomenon is shown to be physically equivalent to the Bragg-difiraction

induced NDC predicted by Esaki and Tsu in 1970

PACS numbers: 73.20.Dx, 73.40Gk, 73.50.Fq.

Scattering-controlled transmission resonances
and negative differential conductance by field-induced localization

in superlattices

Fabio Beltram, Federico Capasso, Deborah L. Siveo,
Albert L. Hulehinson, Sung-Nee G. Chu, and Alfred Y. Cho

Since the original proposal of superlattices (SLs) by Esaki and Tsu,!
transport in these structures has been the object of intense investigations.
When an electric field F Is applied to a SL of period 4, some different transport
regimes are c.ommonly identified.® At low fields, the current increases linearly
with field (mobility regime). The current Is expected to decrease with increasing
field when the electron distribution probes the non-parabolic part of the

miniband, i.e., acecording to Esaki and Tsu!, for

F> L, )

tar

where 7 is the scattering time and e the electron charge. This behavior is caused
by the fact that an inereasing fraction of the carriers approaches the minizone
boundary therefore undergoing Bragg diffraction. Equation 1 was shown Lo hold

independently of the details of the miniband energy dispersion relation.®

Another regime was studied by Tsu and Dohler! who considered the case of
strong loealization in a tight-binding SL (i.e. a 5L with weak coupling between
wells). They showed that due to the decreasing overlap between the
wavefunctions of adjacent wells, the transition rate due to hopping (and

therefore the current) decreases with increasing field for



where AE is the miniband width.

1o this letter we present direct evidence of negative differential conductance
(NDC) by electric-field-induced localization in SLs and show that this
mechanism and the Bragg-diffraction induced NDC predicted by Esaki and Tsu
are physically equivalent. Furthermore we report the first observation of new

resonances that are determined by scattering.

One must not be led to the incorrect notion that Eq. 2 is a necessary
requirement for the observation of locslization in transport.>”7 Even for fields
much lower than those causing the complete localization mentioned above, a
progtessive localization of the electronic states is to be expected. As originally
discussed by Wannier,!) and subsequently by Kazarinov and Suris’ in the
context of transport in SLs, in an electric field the electronic wavefunctions
extend over a number of periods of the order of AE/esF and are separated in
energy by eaF (the so called Wannier-Stark ladder, Fig. 1a). Thus, as the field is
increased the wavefunctions become increasingly localized in space up to the
extreme point where they are shrunk to one well. This is the limit of Eq. 2 in
whieh the SL cousists of a "ladder” of identical isolated quantum wells (Fig. 1b}.
A decrease in the current is expected throughout this regime since the spatial
overlap between the Stark-ladder states decreases with increasing field and with

i the matrix element for transitions. Complete localization leading to Stark-

fadder quantization was shown by the optical experiments of Mendez et al.l?

and Voisin et al.’! These experiments also clearly demonstrate the progressive

nature of electric field induced localization. The question then arises, what is

the threshold for localization?

Localization will occur when the epergy levels of the Stark ladder can be
resolved. In the presence of collisions this happens when their separation is
greater than the collision broadening, i.e. eaF>8/r. Therefore, in this physical
picture, the threshold for the observation of NDC is F>>E/ear, This is the same
field calculated by Esaki and Tsu for the cnset of NDC in a SL (Eq. 1). In fact
Lhese two pictures for NDC are equivalent. One must note that the locallzation
condition eaF>H/r implies a mean free path greater than AE/feF so that
electrons can reach the minizone boundary and underge Bragg diffraction
leading to NDC'? (the Esaki-Tsu mechanism'). (Concerning the k-space
derivation of Eq. 1 by Esaki and Tsu,! it should be noted that their approach is
valid for fields F such that eaF << AE, so that a semiclassical treatment is
applicable.) Yakolev!® investigated the conductivity of electrons in
semiconductors with narrow (~ 0.1 eV) bands in strong electric fields. Although
this paper was written before the introduction of the SL concept, its results are
applicable to describe transport in these structures. Yakolev indeed found that
for felds satisfying Eq. 1, the conductivity decreases with increasing feld.
Moreover, as expected from the above discussion, his results are identical to the

asymptotic results found by Tsu and Dohler.!

These theoretical predictions are experimentally verifiable by simply

measuring the current-voltage characteristies of SLs: starling at a bias defined



by Eq. 1, & wide region where the current decreases with increasing voltage
would be the signature of the lovalization. This observation, however, hias oot
been reported yet." Recently, negative differential velocity (not negative
differential conductance) has been inferred from microwave measurements in

GaAs/AlAs SLs” and attributed to the Esaki-Tsu mechanism.

In our opinion, one of the main problems hindering the experimental study
of electronic transport in SLs has been the interdependence of the intensity of
the current injected and the field present in the SL which is unavoidable in the
2-terminal structures studied so far. At higher fields the large current densities
injected make the field in the SL nonuniform and cause the formation of high
field domains.’®'® Therefore we designed a 3-terminal structure that could
simulate as closely as possible the "ideal" situation: & moncenergetic beam of
electrons of constant flux current impinging on the SL, independent of the value
of the field in the SL. The equilibrium band-diagram of our structure is
schematically drawn in Fig. 2a. The forward-biased p-n "emitier” heterojunction
provides a controllable source of current independent of the reverse bias applied
to the "collector” hetercjunction which in turn controls the field in the SL. By
measuring the "collector” current at constant “emitter” current we can test the
"intrinsic" SL transport properties as a function of a uniform SL field avoiding
the complications mentioned above. The undoped collector region between the

SL and the contacled n* layer serves the purpose of scaling the applied bias.

The structures were grown by molecular beam epitaxy lattice matched on an

undoped InP substrate. The growth started with a 4955-A Gag 4710 53As buffer

layer doped n* = 1%10'"8 em™? followed by & 5045 A thick GaglngsyAs
wndoped collector region. The SLowas then grown followed by s 5000-A
Aly 163Cag g2tng susAs  layer  doped pt = 5x10"% ¢m~3.  Finally 850-A
Alg gglng:As v¥ = 5X 10" ¢cm~ 3 was grown separated by a 300-A quaternary
graded region from the Gag glnpszAs n* = 110" cm~? 2000-A -thick cap
contact layer. Two different undoped SL were studied. Structure A consists of
14 periods of 17-A A10_431n0.53As/37—/{ Gag ¢7lngssAs. Structure B of 9
periods 23-A Mo“slno_sgAslaﬂ—A' Gag 47lngsaAs. The layer thicknesses were
verified by transmission electron microscopy. Circular mesas were wet-etched
(diameter of the SL region &= 127 pum) and ohmic contacts were provided to the
doped regions. The low background doping of the collector layer guarantees a

uniform field across the SL length (<1000 A } in the region of reverse bias of

our experiments.

We modeled the SLs in the envelope function approximation taking into
account epergy-band nonparabolicity.!” In structure A the calculated ground
state miniband dispersion is AEs = 115 meV and its bottom lies at
E& = 130 meV while in structure B, AEg = 80 meV and EP ~ 154 meV.
Therefore, in order to inject electrons into the miniband, the composition of the
p-doped quaternary layer was chosen to be Alg 163G a12)n0 s25As Assuming a
linear x-dependence for the Al Gaggs-xine sa5AS/Gag g71ng s3As conduction
band discontinuity, this corresponds to a conduction band offset of = 180 meV,

roughly the center of the minibands {see Fig. 2). The thickness of this layer is

such that all the emitter electrons thermalize before impinging on the SL. Note



that for both samples, the ground-state miniband is wide enough to ensure the
absence of localization due to fuctuations.!®? Moreover, the large energy
separation (AE, = 200 meV in both samples} between the ground and first
excited minibands insures that Zener tunneling will not be possible in our
structures for ¥ < AE, /el = 30 kV/cm (for both samples), where L is the total

length of the SL.

The collector current density as a function of the collector-junction blas at
constant emitter current is shown in Fig. 3 for both semples. (The amplified
scale has been chosen to clearly show the siructure presented by the curves.
The initial steeply rising region shows no features.) No space charge effects are
present in our structure. In fact, by taking into sccount the electron velocity in
the winiband regime,® one obtains an upper limit for the carrier density in the
low 10" em~3. Moreover, this is proved‘ by the experimental fact that by
varying the emitter current and therefore the electron flux incident on the SL,
the collector current is simply scaled while the voltage positions of the relevant
featurs are not altered. The current monotonically decreases in & wide bias
range. As discussed above, this is the experimental manifestation of localization.
It constitutes its first direct observation in a transport measurement. The
threshold for the onset of NDC can be accurately determined by subtracting the
collector-junction dark current to the measured characteristics; it is
F= 3kV/em, for both samples.’® This value is consistent with Eq. 1 taking
r== 4X 10~ '3 5, an adequate value for intrasubband scattering time?® at these

low fields.®® This threshold value is much lower {a factor of 10} than the

_R-

mipimum field required for interminiband tunneling, as required for the
observability of NDC.! It should also be noted that intervalley transfer is not

compatible with the experimental value for the NDC threshold. In

Gag 47100 53As, which constitutes the largest portion of the collector, both
theoretical®? and e)zperirnent.al22 values for the threshold field of intervalley

vransfer are ~ 10 kV/cm, more than three times our experimental value.?

Moreover the threshold for transfer will be even higher in our SL due to the

presence of the Alg 4aIng s2As regions. The slope continues to be negative for

fields corresponding to wavefunction confinement over few (~3-4 for both

samples) wells where the characteristics exhibit & minimum.

The presence of the minimum indicates that, at sufficiently high bias, other

paths can enhance electronic transport and become dominant in our structure,

Firstly, an exponentially increasing Fowler-Nordheim current through the SL

seen as an effective medium is to be expected.'“ More importantly, on this

monotonically increasing background, several peaks are observed. To

understand their physical origin, let us recall that in this field range, new states

can arise from the mixing between Stark-ladder siates originally belonging tc

different minibands or between the latter and resonances in the classical

continuum above the SL barriers. In the case of transport in a SL without

collision, these lransmission resonances are determined by the whole SL. In the

presence of collisions, however, they are determined by subsets of the SL of

thickness equal to the electron coherence length. This is illustrated in Fig. 2b

where one such state is shown for sample A. The electron coherence length must



therefore be explicitly considered and can be included through the electron

mean free path X. In fact, the fraction of electrons that will tunnel coherently

né &

for exactly n periods of the SL is equal to ¢ * (1—e *), and the
corresponding transmission will be indicated by Ty(F). The overall transmission
coefficient is therefore given by:

nra

=T * (-e )Ta(A+e * Tolh, ®)

nel

where nr is the total number of wells. A fraction 1-T(F) of the impinging
electrons are therefore reflected back into the p-doped layer and recombine,
The remaining electrons are injected into the SL. Their "history” after the first
scattering event is immaterial since in our steady-state situation all electrons
injected into the SL reach the collector contact, Excellent agreement is found
between calculated and experimental position of the peaks with kA = 300 A .
The calculated {experimental) biases for sample A are 5.6 (5.5), 6.7 (8.7), 8.5
(8.5), 10.9V (10.9 V}; for sample B 7.1 (7.1), 9.3V (9.3 V). X is obviously F-
dependent, but we found that our results do not change appreciably with ) in
the range 200-400 A . On the contrary allowing for an infinite coherence length
(i.e., electrons traversing ballistically the entire SL) leads to a much larger
number of calculated resopances. As mentioned above, band nonparabolicities
were included, the nonparabolicity parameter =~ was taken equal to

1.7% 10 18 m2.25

Il is important to note the conneclion between our results and the optical

- 10 -

experiments of Mendez et al!® These authors observed transitions between
conduction-band states of spatial extent equal to the coherence length and
totally localized valence-band states. These conduction-band states are the same

that in our experiments give rise to the transmission resonances.

In conclusion, we have studied and modeled the properties of perpendicular
transport io heterojunction SLs. Esaki-Tsu and field-induced localization have
been analyzed critically, Their physical equivalence has been discussed and
verified experimentally. At high fields, the dominant role of scattering-selected

resonances has been presented and modeled.

The authoujs gratefully acknowledge stimulating discussions with A. 8.

Vengurlekar.
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It should also be noted that intervalley transfer does not manifest itself
with NDC in conditions of constant current injection, as is well known
by the theory of operation of bipolsr transistors. In these conditions, in
fact, the decrease in velocity caused by the lower mobility of the
satellite valleys is compensated by an increase in the carrier density;

their product (the current} is therefore not altered.

The reverse-bias leakage current of the collector junction is negligible

in the bias and temperature range of our experiments.

Experimental measurements on < give results in a rather broad range,
7= 1.3X10""® m? was reported by L. Eaves, F. W. Sheard, G. A.
Toombs, in Physics of Quantum-Eleciron Devices, edited by F. Capasso
(Springer, New York, 1990); & value four times higher was found by C.
K. Sarkar, R. I. Nicholas, J. C. Portal, M. Razeghi, J. Chevrier and J.
Massies, J. Phys. C 18, 2667 (1985). The value indicated was chosen to

optimize the fit.
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FIGURE CAPTIONS

Schematic conduction-band diagram of a  heterojunction
superlattice with an applied field, (a) electronic states extend over
several periéds and ¢an be broadesed by scattering into a band
{shaded region) if Eq.1 is nol satisfied, (b) at very high binses

{defined by Eq. 2), electronic states are confined to single wells,

(a) Energy-band diagram (not to scale) of the samples studied, (b)
Conduction-band diagram of sample A at a bias such that a quasi-
state supported by a subset of the superlattice of thickness equal to
the electron coherence length enhances electronic transport. The
solid curve represents the calculated wavefunction corresponding to

the peak at 10.9 V.

Collector current demsity as a function of the collector bias at
constant emitter current (Ig = 0.39 A/cm?) for samples A (top) and
B (bottom). Both measurements were performed at T = 15 K. The
features presented by the characteristics were visible up to
temperatures as high as 200 K. The arrows indicate the calculated

bias positions of the resonances.
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