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IWERTED BI STABILITY IN THE CIJRRENT-VOLTAGE CHARACTERI STICS

OF A RESONANT TIJNNELING DEVICE

ABSTRACT

The current-voltage characteristics of an asymetric double barrier resonant tunneling device

show a butterfly-;haped hysteresis loop in which, for a range of voltage, the off-resonant
current exceeds the resonant current. This "inverted bistability" is due to the effects of
space charge buildup in the quantum well. Magnetoquantum oscillations ln the tunnel current
,itf, pllg Xre u".d io invesrigare rhe distribution of charge within the device and the inter-
subband scattering processes which control the charge buildup'
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The buildup of electronic space charge in the quantum well of double barrier devices when

resonant tunneling occurs is well established (Goldman, Tsui and Cunningham, 1987; Payling and

co-workers, 1988; Young and co-workers, 1988). In structures with tunnel barriers of different
thicknesses (Alves and co-workers, 1938) or potential barrier heights (Zaslavsky and co-workers'
1988) this charge buildup is enhanced and can lead to an intrinsic bistability effect in the

current -voltage characteristics .

In this paper, we report magnetotlansport sludies of an intrinsic bistability effect in a

resonant tunneling device for which the current-voltage characteristics r(V) show a "butterfly"
shaped hysteresis loop. This bistability effect is shom to arise from an enhancement of the

"p""" 
.hlrg" buildup due to intersubband scattering processes. These are modulated by high

*.gruti" fields leaaing to magneto-oscillations in the voltage width of the bistable region'
The effect is observeJ in a louble barrier structure in which two Alo.,Gto.uA. barriers of
thicknesses 5.7 and l4.l m enclose a quantum well of thickness 5.9 nm. The device was grom by

molecular bean epitaxy. The layers, in order of growth frol^the n+ GaAs substrate, were (i) a 2

pm thick buffer layer of GaAs ioped with Si to n:2 x 1018 cm-3; (ii) a 51 nm thick layer of
6"e",-": i x lO17'cm-3; (iii) a 51 nm layer of GaAs, n:1 x 1016 cn-3; (iv) a 3'4 m undoped

caAs spacer layer; (v) a 5.7 nm undoped barrier of (AlGa)As, [Af] :0 4; (vi) a 5 9 nm undoped

caes well; (vii) a 14.1 m undoped barrier of (AlGa)As, fAr-l :0.a; (viii) a 3.4 nm undoped GaAs

spacer layer; (ix) a 5L nm layer of GaAs, n: I x 1016 cm-3; (x) a 51 nm layer of GaAs' n: I x

19rz ..-o-' (xij a 0.5 pm thick top contact layer of GaAs, n:2- x lO18 cm-3 Mesas of 100 and

200 pm diameter were etched and Au/Ge ohmic contacts made to the top and bottom layers of the

devices.

The upper band diagram in Fig. 1 shows the variation of electron potential across the device
under'an applied voltage, V.- The application of a voltage produces a quasi-two-dimensional
electron g"" (ZpnC) 

"rid ". 
accumulation layer in the lightly doped region adjacent to the

emitter birrier. Electrons are continually removed fron the accunulation layer by tunneling.
The relatively 1ow current passed by the device ensures that conduction electrons arriving from

the heavily ioped n+ layer thermaLLze in the accmulation layer before tunneling through the

emitter barrier. At low iemperatures the 2DEG is degenerate. The two-dimensional nature of the

emitter state is confirmed 
-by 

the angular dependence of the magnetoquantw oscillations in the

tunnel current. Resonant tlnneling occurs when the energy of the quasi-bound slate in the

accunulation layer colncides with either of the quasi-bound states of the well (Thomas and co-

workers, 1989). Because of the finite, but narrow, widths of these states, the Lunnel rate from

the emitter into the well (and hence the current) is a sharply-peaked function of the voltage
drop V" across the emitter barrier.

The current-voltage characteristics of the device are shom in Fig. 1 for a range of temPera-

tures. !,le define forward bias as the arrangement in which the top contact' layer (xi), is
biased positive so electrons first encounler the thinner of the two barriers The voltage range

corresponds to resonant tunneling into the upper bound state of 
-the 

quantujn welI. E, as shom

schemalically in the upper band diagram in Fig. l. Because of the thick barriers in this
device, resonant tr.rt"iing into the lower bound state E1 can only be detected using A C'

measurements. In reversu- bi"", shom in Fig. 1(b), the resonant peak in the current for
tunneling into E2 is very weak (I : 60 nA at the peak) and spread over a relatively narrow range

146',7
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Fig Current-voftage characteristics of a 100,um diameter mesa of lhe asymmetric double
barrier structure. (a) forward bias at temperatures of 4, I20 and 160 K; (b) reverse
bias at 4 K. The upper conduction band diagram illustrates the condition for
resonant tunneling i-nto the 2nd subband of the quantum we11, with intersubband
scattering and charge buildup in the lower subband. In the lower band diagram the
device is off-resonance and electrons have energies greater than lhe height of the
collector barrier.

of voltage (AV - 0.1 V), with no bistability. In chis case, charge buildup in the quantum well
is small since electrons can easily tunnel out through the thinner barrier to the collector
(Leadbeater and co-workers, 1988). The "butterfly" shaped hysteresis loop which we observe in
forward bias (Fig. l(a)) over the temperature range from 4 to 180 K is different in form from
the intrinsic bistability effect reported by Alves and co-workers (1988) and Zaslavsky and co-
workers (1988) although it also arises from space charge effects. The effect of space charge
buildup is to spread the resonance over a wide range of V as shom schematlcally in Fig. 2. The
change in V. is small, the additional voltage being dropped almost entirely across the collector
barrier and depletion layer. The 1ow dopi-ng in the regions adjacent to the barriers increases
the voltage drop in the depletion layer, magnifying the electrostatic feedback effect. In the
intrinsic bistability effect reported previously, the value of the current on resonance always
exceeds the off-resonant value (curve (ii) of Fig. 2). In the new device the effect of the
space charge is even more pronounced (see curve (iii)) and causes an "inverted" bistability in
which the off-resonant currenL in the range g to f exceeds the resonant value. At low tenpera-
tures resonant tunneling occurs over the voltage range from -1.7 to 3.1 V.

Electrons tunneling resonantly into E, reach the collector eilher by tunneling directly through
the collector barrier (process A) or by sequential tunneling (process B) - see the upper band
diagram of Fig. l In the latter case, they undergo intersubband scattering into the lower
bound state E, by the emission of longitudinal optic phonons and then tunnel out through the
collector barfier (Eaves and co-workers, 1988; Hughes and co-workers, 1989). EsLimates of the
dwell times of electrons in E. and E, indicate that nearly a1I the currenL flowing through the
device is due to process A. However, the dwell time of an electron in Er ls sufficiently long
compared to the intersubband scattering time (r. - 1 ps, Bastard and Ferreira, 1989) to allow
some electrons to undergo process B. Due to the low tunneling probability out of the lower
bound state Eil this leads to a significant buildup of electron sheet density (n*) in the
quantum wel1.

Both nw and the sheet density in the emitter 2DEG, na, can be determined from the period of the
magneto-oscillations in the tunnel current and differential capacitance when a magnetic field is
applied, gll.I lLeaabeater and co-workers, 1989). Briefly, the series of magneto-oscillations
corresponding to each 2DEG arises from the passage of Landau levels through the respective
quasi-Fermi levels. This modulates the charge densities, affecting the distribution of electric
potential and hence the tunnel current and capaciLance. Each series of oscillations is periodic
in L/B and the inverse period B - lA(1//B)l-1 gives the sheet densities n^., : 2eB^."/h. Typical
series of rnagneto-oscillations at several fixed biases are shom in Fig. 3(a). Curves (i) and
(iv) at biases below (1.4 V) and above (3.3 V) resonance respectively show only one series of
magnetoquantum oscillations. This is attributed to the charge in the enitter 2DEG. The rapid

(a) 160K

(b) 4K
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Fig. 2

V

schematic diagram illustrating the effects of space charge buildup in the well on the
current-voltale characteristics of a doubl-e-barrier device. (i) no charge in well,
(ii) inrrinsi; bistability due ro space charge buildup, (iii) large charge buildup
leading to a region of inverted bistability.

oscillations apparent in trace (iii) at 2.5 V will be discussed below. Curve (ii) for a bias of
1.9 V clearly shows two series of oscillations. The existence of clear magneto-oscillations due
to the 2DEc associated with the quasi-bound state E1 of the well requires that it has a well-
defined quasi-Fermi energy which is differenL from that in the emitter. These oscillations are
observed dom lo magnetic fields -0.8 T. This means that the electron temperature is 1ow

(kT" << ho" ) and therefore the electrons must undergo energy relaxation in the well. Following
the- interiubband transition, and possibly further emission of L0 phonons, this occurs via
deformation potential scattering on a timescale < I ns (Sheard, 1989). This is shorter than the
mean time for an electron to tunnel fron the bound state E, through the thick collector barrier
(> 10 ns). AL these sheet densities electron-electron scattering is expected to be rapid and to
produce a thermallzed (Maxwellian) electron energy distribution (with some effective temPera-
ture much higher than the lattice temperature) on a timescale < 100 fs (Deveaud and co-workers,
1988; Knox, Chemla and Livescu, 1988). However, this process can only redistribute energy
between electrons and cannot provide the overall energy relaxation required to produce the cold
Ferni-Dirac distribution necessary for the observatj-on of well-defined magnetoquantun
oscillations. This must occur on the much longer timescale of deformation potential scattering.
Note that the observation of a degenerate electron gas in the lower subband when electrons are
tunneling into the upper subband is a clear demonstration of sequential tunneling. Since both
the tunneling rate from E2 and the intersubband scattering a'ate ar.e much faster than the energy
relaxation rate, the eleciron density in E, is low and non-degenerate and does not give rise to
a series of magneto-oscillations. If we wefe to assign the measured nw to the upper subband this
would give rise to a current density J: n*e/r - loe An-z, three orders of magnitude higher than
observtd. The much slower tunneling rate from the lower subband is consistent with the measured
current density.

The variations of na and nw with applied bias are shom in Fi-9. 3(b). As the device comes on

to resonance na rem;ins approximately constant and charge builds up in the quantum well. At
biases above a6out 2.5 V, the electron sheet density in the well exceeds that in the accumula-
tion layer. This is in contrast to previous work (Leadbeater and co-workers, 1989) where the
charge density in the well was always less than that in the accumulation layer. In thaL case

tunn!1ing was taking place into the lower subband and its energy level was essentially
coincident with that of the ernitter 2DEG, hence its Fermi energy (and therefore nurnber density)
could not exceed Lhat in the emitter. For the resonance described here, although the charge is
building up in the lower subband this is due to intersubband scattering and the energy level is
consideiabiy below that of the quasi-bound state of the emitter 2DEG. Hence the quasi-Fermi
energy in the well can exceed that in the emitter.

If the voltage is increased beyond rhe peak of the resonance, the current drops abruptly (c * a

in Fig. l(a) and Fi.g.2), as does the electron sheet density in the wel1, nr. This is compen-

sated by an increase in n. so as to maintain the same voltage drop across the device as seen in
fig. 3(t). Nore that thii sruitch occurs at lower bias in the presence of a magnetic field as

discussed below. The device remains in the off-resonant state when the voltage is increased up

to and beyond point e or reduced back to point g. Fron the sheet charges in the accumulation
layer and quantum well obtained from the magnetoquantum oscillations, we can use Gauss's Law to
deiermine ihe potential distribution across the device over a wide range of operating condi-
tions. Such an analysis shows that over the voltage range from e to g' electrons are iniected
through to the collector at energies well above the height of the collector barrier, as shom in
the lower band diagran of Fig. 1. Therefore they only encounter one tunnel barrier.

hrhen the voltage is further reduced, the device makes lhe transition back to the resonant
runneling srare (g + b). In srare b, n* is significantly larger and 1" "lg"il1":ntly 

smaller
lhan in !t"t" g, Jo that the top of the collector barrier is at a considerably higher potential
energy, "" ".r-be 

seen by comparing the two band profile diagrams in Fig. 1. Because of the
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Typical magnetoquantum oscillations in the tunnel current with BllJ at 4 K.
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increased height of the collector barrier in state b, the lifetime of the E2 resonance is
sufficiently long to allow intersubband scattering of electrons into E, , from which they tunnel
into the collector with 1ow transnission rate. Over the range g-f, the non-resonant current
exceeds the resonant current at the onset (b-f) of the resonant peak. The large non-resonant
current arises because the electrons have to tunnel through only the emitter barrier, across
which the voltage drop ls larger than in the resonant case.

The analysis is supported by the temperature dependence of the bistability, shom in Fig. 1(a).
The non-resonant current is more temperature-dependent than the resonant current due to increas-
ing contributions from phonon-assisted processes and energeLic thermal electrons in the high
energy tail of the distribution function of the emitter layer. Hence as the temperature is
increased. the non-resonant current exceeds the resonant current over a wider voltage range,
giving rise to a more pronounced inverted bistability. As the temperature increases, the charge
buildup decreases, leading lo a shift of the peak to lower bias, as seen in Fig. l(a).

The strong influence of a quantising magnetic fiela gllJ on the current-voltage characteristics
can be seen in Fi.g.4(a), which shows a series of up-voltage sweeps at different magnetic
fields. The width of the bistable region decreases at 1ow fieLds and the voltage position of
the resonant peak V- oscillates as shom in Fig. 4(b). ire attribute this to a modulation of the
intersubband scatteiing rate l/ri due to the formation of Landau levels in the quanlum well. The

effect of a magnetic field on ihe intersubband scattering rate can also be seen in the I(B)
curve of Fig. 3(a) trace (iii) at 2.5 V. The scattering late will be a maximum when

E, - E, - hr.o : jlna" : heB/n* (1)

where j is an integer, horo the L0 phonon energy and ho_" is the cyclotron energy. The modrrla-
tion oi r, by the magneti6-field alters the charge in the we-I1, n". This changes the distrib-
ution of electric potential wlthin the device and the voltage position of the peak. The

tunneling probabilities are also alLered, which in turn affect the tunnel current. Since the
current is dominated by eleccrons tunneling directly from E, (process A in Fig l), the mag-

netic-field induced oscillations in the tunnel current must be primarily due to the electro-
static effect of the modulation of the charge in E, . The high-fie1d magneto-oscj-llations in
Fig. 3(a) (iii) have a frequency B - 7O T, which cbrresponds to an energy eph/n* - 110 meV.

This is much higher than the Fermi energies of the 2DEGs in the well and accumulation layer.
Since the observation of this series does not depend on Landau 1eve1s passing through a well-
defined Fermi level but just on the intersubband energy separation, this series of oscillations
can be observed at much higher temperatures (> 100 K) than the accumulation layer and well
series. Note thar trace (iv) of Fig. 3(a), at a bias (3.3 V) beyond the resonant peak shows only
one series of magnetoquantum oscillations. No intersubband scattering is observed since the
electrons are injected into the well region at energies higher than the collector barrier. The
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Fig. 4(a) Effect of a magnetic field !ilJ on the current-voltage chalacteristics (increasing V)

axT-4.2K.TheverticalaxiscorrespondstothecurrentatB-12Tandtheother
curves are displaced vertically for clarity'

(b) Variation tiih'*"g.uti" field of the volt-age Vp. at the resonant peak' The magneto-

oscillalions given by equation (1) are indicated by arrows

transit time across the well is much shorler than that for L0 phonon emlssion and no charge
builds up in the lower subband. Similarly, in reverse bias, the narrow width of the collector
barrier reduces the electron dwell time and the intersubband scattering series is not observed.
The variation in V_ wirh field shom in Fig. 4(b) is periodic in l/B as expected fron equation
(l), wirh a B-valud close ro rhar shom in Fig. 3(a) (iii). Taking rLaro:36 mev, the periodic-
ity obtained gives a value of 140 neV for the intersubband energy separation, which is close to
that expected for a well of this thickness under an applied bias'

To summarise, we have observed a new type of bistability effect in double barrier resonant
tunneling devices based on n-type GaAs/(AlGa)As in which the off-resonant current exceeds the

resonant current over a range of voltage. This arises from the enhancernent of space charge
buildup in the quantum well due to intersubband scaltering. Magnetoquantm oscillations in the
tunnel current are attributed to a degenerate gas of electrons in the quantum well which
thermalize to the lattice temperature. Modulation of the intersubband scattering rate by a

quantizing magnetic field leads to a periodic oscillation in the voltage width of the bistable
region.
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