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ABSTRACT

We demonstrate unipolar complementary circuits consisting of a pair of resonant
tunneling transistors based on the gate control of 2D-2D interlayer tunneling, where a
single transistor -- in addition to exhibiting a well-defined negative-differential-resistance --
can be operated with either positive or negative transconductance. Details of the device
operation are analyzed in terms of the quantum capacitance effect and band-bending in a
double quantum well structure, and show good agreement with experiment. Application of

resonant tunneling complementary logic is discussed by demonstrating complementary

static random access memory using two devices connected in series.
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For over a decade, various quantum tunneling transistors have been continuously
proposed and demonstrated. [1] These devices offer the potential for application in high
speed and muiti-functional circuits. To implement functional circuits with low power
dissipation, complementary operation of resonant tunneling transistors (RTTs), analogous
to Si complementary metal-oxide-semiconductor (CMOS) architecture, is highly
desirable.[é, 3] However, the transconductance of almost all RTTs including those based
on double barrier resonant tunneling devices (DBRTDs) [4] is limited to a single polarity
determined by thelsign of carriers, electrons or holes. Interestingly, a few unipolar
(electron) RTTs have been reported with both sign of transconductance, determined by
relative alignment of the Fermi levels in the emitter and collector. One such device is
fabricated with a two-c}imensional (2D) quantum well (QW) collector, instead of the 3D
collector in DBRTDs. [5] The second device is based on resonant tunneling from a two-
dimensional electron gas (2DEG) into one-dimensional (1D) wire subbands. [3, 6].
However, it is questionable whether these devices have sufficient transconductance to form
a complementary circuit when used together in pairs. Thus, to date, the complementary
operation of a pair of RTTs has not been reported.

Recently, several techniques for making independent contacts to two closely spaced

(typically 2004) 2DEGs were developed to study 2D-2D interlayer tunneling. [7] Several

interesting phenomena, including negative compressibility [8], tunneling resonance [9],
and negative-differential-resistance (NDR) [10], have been observed in the electron
transport. Recently, a novel RTT, the double electron layer tunneling transistor (DELTT)
based on the gate control of 2D-2D interlayer tunneling current, was also successfully
demonstrated. [11] In this letter, we demonstrate the complementary operation of a pair of
resonant tunneling transistors. The RTTs used are DELTTs, whereby a single DELTT
device can be operated in either the positive or negative transconductance region depending
on the sign of the Fermi level differences in the source and drain 2D QWs. To further

confirm the utility of this approach, a complementary static random access memory




(SRAM) is demonstrated at 77K using two DELTT devices connected in series.

In conventional Si CMOS, the basic idea is that by using two series-connected
transistors of opposite sign of carriers, the middle node voltage can switch high or low
with respect to the gate voltage swing, but no significant standby current flows since one of
the transistors is always off. To achieve similar behavior in an unipolar circuit consisting
of a pair of series-connected DELTTs, the two DELTTSs should have transconductance of
opposite sign.

Since the 2D-2D interlayer tunneling in DELTTS conserves in-plane momentum and

energy, the current depends on the difference between the top and bottom QW lowest

subband energies AE;= E;—E, 5, with the tunneling current strongest when AE, = 0. [9-

11] The complementary operation of DELTTs can be implemented in the following way.
First assume that the top QW has a higher density as sketched in Fig. 1(a). Application of
a positive topgate voltage increases the electron density mainly in the top QW and

consequently the subband separation AE,, resulting in further suppression of the interlayer

tunneling -- i.e. the device switches off. Similarly, a negative topgate voltage turns the
device on. In contrast, application of a positive (negative) gate bias to the backgate
switches the device on (off), an opposite effect to that of the tbpgate. Thus, the polarity of
transconductance can be selected depending on which gate -- top or back -- is biased.
Complementary switching operation can then be obtained by applying input to gates on
opposite sides for the two DELTTs connected in series. To get an equally effective gating
or gate leverage factor from both sides, crucial for a complementary SRAM application,
both gates must be defined in roughly equally close proximity to the QWs.

However, due to the finite compressibility of 2DEGs, the gate electric field penetrates
both QWs and changes both electron densities in quantum wells. We estimated this

quantum capacitance effect [12] in a double quantum well (DQW) structure first,

considering the electrons as non-interacting particles in two infinitely narrow QWs. [13]




The ‘topgate leverage factor’, defined as the variation in E; in each QW due to the top

control gate voltage V., is given by
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Here, C, = ¢/L, and C, = ¢/L, are the geometric capacitances per unit area between the

topgate and the top QW, and between the two QWs, respectively. Cp =m* e? /(71112) is

the quantum capacitance with the effective mass m*. Using the experimental parameters of
our current DELTTs, we find that the relative change in electron densities,
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), is about 10%. The shift in AE, can also be estimated from

/’l’é’c = /’L‘Tl - 2,}31. In reality, corrections due to the finite thickness of the QWSs need to also

be taken into account. The dominant correction is the band-bending effect which occurs
due to the added electrons and results in making the QW potentials more asymmetric. We

solved the Schrédinger and Poisson equations self-consistently as a function of gate

voltage, and found 6N /6Ny = 6%, implying that the band bending reduces the field

penetration to the bottom QW. [14] Thus, the gate electric field primarily influences the
quantum well closest to it, allowing the complementary operation scheme described above.
Devices were processed from an MBE-grown heterostructure (wafer G1881) with
two 120A thick GaAs QW' separated by a single 125A thick Alg3Gag7As tunnel barrier.
Both QWs are Si modulati‘on doped and the 2DEGs are confined in the top and bottom

QWs with densities of 8.0 and 2.0 x 10! cm-2, respectively. The resulting Fermi energy
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difference AE, is ~21 meV. A basic description of the DELTT structure in Fig. 1(b) can be

found elsewhere. [11] The topgates are defined with 1000A Si,N,/SiO, gate dielectrics

underneath, not only to minimize the gate leakage but also to better equalize the gate
leverage factor. The control gate length of devices studied were 40, 70, and 200 pum for

DELTTs 1, 2, and 3 respectively. All DELTTs had both top and back control gates
vertically aligned to one another, and channel widths of 500 pm. All measurements were

done at 77 K, with excellent reproducibility over thermal cycles.

First, the I-V characteristics of a single device, DELTT 2, are shown in Fig. 2(a) for
several topgate voltages V. and in Fig. 2(b) for several backgate voltages V.. The I-V
characteristics are asymmetric with a single resonance peak occuring at single source-drain
bias polarity only. [15] With no control gates biased, the peak-to-valley ratio is ~ 2:1 with

a peak current I, of 57 PA and peak and valley voltages of V, ~0.053 Vand V, ~ 0.057 V.

As can be seen from Fig. 2, the sign of the transconductance actually depends in a rather
complex way on both the value of Vg, and of the gate bias, for either gate. Most
importantly, the topgate and backgate voltages strongly modulate both V, and I in an
opposite polarity; the plots of peak current vs. gate voltage in the insets show clearly the

opposite effect of the gates. The shift in V, with respect to the topgate bias is obtained as
AV = 17 mV/V, which is considerably larger than the 2F0 f 7 meVIv
AVye = 17 mV/V, which is considerably larger than the AV of 7 me

obtained from simultaneously solving the Schrodinger and Poisson equations and taking
the gate dielectric into account. Indeed, the peak positions V_ occur at much higher source-
drain bias than expected from the simply estimated AE, ; at V. = V. = 0, the discrepancy

is about 32 mV. From a careful examination of both the tunnel conductance and the

channel depletion characteristics of each gate, the in-plane resistance of the QWs is




estimated as 500 ~ 600 Q. Thus, in addition to the tunneling resistance, there is a

significant source-drain voltage drop in the channel ; at V. = V. = 0, the voltage drop is

about 28 ~ 32 mV at Vg, = V, consistent with the observed discrepancy in the peak

. AV, . .
voltage. We also attributed the discrepancy in ~ 2, AVre to the finite in-plane resistance.

The current-voltage characteristics of two DELTTSs connected in series is shown in

Fig. 3(a), where the control gates are grounded. The I-V has two peaks at V ~0.10V

Supply

and ~ 0.14 V with hysteresis present. Since DELTT 2 has a smaller peak current than
DELTT 3, DELTT 2 switches from peak to valley first as the supply voltage increases

above ~ 0.1 V(2 2V)). At~0.14 V, DELTT 3 then switches from peak to valley. The

middle node voltage switches correspondingly as shown in Fig. 3(b). The measured two-
peak I-V characteristic agrees well with our load-line analysis based on the measured I-Vs
of the individual DELTTs, as shown in insets.

Complementary operation of these DELTTs was tested by applying an equal bias to
gates on opposite sides for the two DELTTS, i.e. the backgate of DELTT 2 and the topgate

of DELTT 3. (See Fig. 4(a).) The supply voltage is set at ~ 0.12 V (2 2V ), so that the

two stable circuit operating points are near the I-V valley points of each DELTT, as shown

in Fig. 4(d). The output (middle node) voltage and the circuit current, both as a function of

gate input voltage, are shown in Fig. 4(b). V_, latchesto ~0.045 V (‘low’) at V, = -0.13
V and to ~ 0.075 V (‘high’) at V,, = 0.2 V, with hysteresis between the two states. By

contrast, the circuit current stays almost constant at ~ 45 pA during the switching,

qualitatively similar to Si-CMOS operation. The complementary operation of this circuit
can be further analyzed by plotting the measured I-Vs of the individual DELTTs at
representative V, values, with the I-V of DELTT 3 serving as fhc load-line of DELTT 2.
This is done in Fig. 4(c)-(e) for V= 0.3 V, 0 V and -0.2 V, respectively, with V

Supply =




0.12 V. As expected, a positive V,, (0.3 V) raises the I-V curve of DELTT 3 while
lowering that of DELTT 2, making the circuit latch to ‘high’, ~ 0.075 V. Similarly, the
opposite behavior is observed with a negative V,  (-0.2 V), which latches the circuit to
‘low’, ~ 0.045 V. Thus, the output (middle node) voltage switches between bistable (high
or low) values, but with one of the DELTTs always “off”, i.c. operating near the valley
point. Thus, the unipolar complementary operation of DELTTSs is successfully obtained.
In addition, due to the NDR of the DELTTs, the output for -0.13 V<V, <02 Vis
bistable and depends on its past history, as shown in Fig. 4(b). Hence these two series-
connected DELTTs also constitute a complementary static RAM using half as many

transistors as required in conventional CMOS. While the valley currents are relatively large

in the present device, the use of different material systems with larger conduction band
offsets should greatly improve the peak-to-valley ratio, as well as increasing the

temperature of operation, making the DELTT more likely to find application in high-speed
SRAMs.

In summary, unipolar resonant tunneling complementary circuits are demonstrated
using two unipolar DELTTSs connected in series. Due to the opposite effect on the NDR of
the same topgate and backgate voltage, complementary circuits are achieved by connecting
close-proximity gates on opposite sides for two DELTTs in series. The transconductance
of an individual DELTT was analyzed in terms of both the quantum capacitance effect and

the band-bending in a double quantum well structure, in good agreement with the device

operation.

The authors thank F. Gelbard for the self-consistent Hartree calculations and W. E.
Baca for technical assistance. This work was supported by the U.S. DOE under Contract

DE-AC04-94A1.85000. Sandia is a multi-program laboratory operated by Sandia

Corporation, a Lockheed-Martin cBmpany.




References

*

Also at Dept. of Physics and Astronomy, Univ. of New Mexico.

[1] P. Mazumder, A. Kulkarni, M. Bhattacharya, J. P. Sun, and G. 1. Haddad,
Proceedings of the IEEE. 86, 664 (1998). References therein.

[2] F. Capasso, K. Mohammed, and A. Y. Cho, IEEE J. Quantum Electron. QE-22, 1853
(1986).

[3] S. Luryi and F. Capasso, Appl. Phys. Lett. 47, 1347 (1985).

[4] As for referencés, see S. Luryi and A. Zaslavsky in “Quantum-Effect and Hot-electron
devices” in Modern Semiconductor Device Physics, edited by S. M. Sze (Wiley-
Interscience, 1998); pp 253-341.

[51 A. R. Bennofoi, D. H. Chow, and T. C. McGill, Appl. Phys. Lett. 47, 888 (1985); F.
Beltram, F. Capasso, S. Luryi, S. N. G. Chuy, and A. Y. Cho, ibid. 53, 219 (1988);

[6] €. Kurdak, D. C. Tsui, S. Parihar, M. B. Santos, H. Manoharan, S. A. Lyon, and M.
Shayegan, Appl. Phys. Lett. 64, 610 (1994); A. Zaslavsky, D. C. Tsui, M. Santos,
and M. Shayegan, ibid. 58, 1440 (1991).

[7]1 J. Smoliner, W. Demmerle, G. Berthold, E. Gomik, G. Weimann, and W. Schlapp,

Phys. Rev. Lett. 63, 2116, (1989); J. P. Eisenstein, L. N. Pfeiffer, and K. W. West,
Appl. Phys. Lett. 57, 2324 (1990).

.[8] J. P. Eisenstein, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett. 68, 674 (1992);
Phys. Rev. B 50, 1760 (1994).

[9] 1. P. Eisenstein, L. N. Pfeiffer, and K. W. West, Appl. Phys. Lett. 58, 1497 (1991);
J. A. Simmons, S. K. Lyo, J. F. Klem, M. E. Sherwin, and J. R. Wendt, Phys. Rev.
B 47, 15741 (1993); Y. Katayama and D. C. Tsui, App! Phys. Lett. 62, 2563 (1993).

[10] K. M. Brown, E. H. Linfield, D. A. Ritchie, G. A. C. Jones, M. P.Grimshaw, and
M. Pepper, Appl. Phys. Lett. 64, 1827 (1994).




{111J. A. Simmons, M. A. Blount, J. S. Moon, S. K. Lyo, W. E. Baca, J. R. Wendt, J.
L. Reno, and M. J. Hafich, J. Appl. Phys., in press; J. S. Moon, J. A. Simmons, M.
A. Blount, W. E. Baca, J. L. Reno, and M. J. Hafich, Electron. Lett. 34, 921 (1998).
[12] S. Luryi, Appl. Phys. Lett. 52, 501 (1988).

[13] A contribution from the interlayer exchange interaction, significant at lower (typically

< 1x10"%cm?) carrier density, is negligible in the current DELTT device.
[14] Using our device values of L,=11604, and L,=2454, we have l‘élc =15 meV/V. By

simultaneously solving the Schrodinger and Poisson equations for our structure, we
obtained AEVAVTC = 20.5 meV/V. Thus, assuming the many-body correction is

negligible, the band-bending contribution is approximately 5 meV/V in these DQW
structures. The gate leverage factor for the case of a single QW [12] can be obtained as

CQ’ B —>°°.
[15] The 2D-2D interlayer tunneling devices have asymmetric I-Vs with a resonance peak
near Vg, = AE,. By contrast, double barrier resonant tunneling devices have roughly

symmetric I-Vs due to their 3D-2D-3D tunneling structure.




Figure Captions

Fig. 1. (a) Typical conduction band profile with no gate or source-drain bias. (b)
Schematic diagram of the DELTT device structure, showing the two selectively contacted

2DEGs via a selective gate depletion technique, and top and back ‘control’ gates.

Fig. 2. Source-drain current I, vs. voltage Vg, characteristics of a single device, DELTT
2, measured at 77 K (a) for several values of V¢ changing from 0 V to -2.4 V with steps
of -0.4 V, and (b) for several values of V. changing from 0 V to 1.2 V with steps of 0.2

V. The insets show how the peak current changes as a function of (a) V. and (b) V..

Fig.3. (a) Circuit current vs. circuit supply voltage for two DELTTs connected in series, at
77 K. (b) The corresponding output (middle node) voltage vs. the supply voltage. The
insets show the I-Vs of individual DELTTs overlaid at V., = 0.065 V, 0.115 V, and

0.150 V, respectively.

Fig. 4. (a) Connection of two DELTTs to form a unipolar complementary circuit, with the
control gates of the two DELTTS located on opposite sides. (b) Output voltage V_ and
circuit current as a function of input voltage V, measured in the complementary circuit with
a fixed supply voltage of 0.12 V. Hysteretic bistable switching in the voltage output is
observed, whil;z the circuit current stays almost constant. The individual I-Vs of both
DELTT: in the complementary circuit are overlayed for (c) V, =03 V (d) V,= 0V, and
(d) V,=-0.2'V. See text for further discussion.
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