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Direct Measurement of the Band Structure of a One-Dimensional Surface Superlattice
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We present a measurement of equilibrium tunneling between a two-dimensional electron gas and a
one-dimensional surface superlattice in a double quantum well system. We interpret the tunneling
characteristics within the tunneling Hamiltonian formalism and show that the regular series of
peaks observed reflects the crystal part of the band structure of the superlattice. In addition, by

comparing experiment to theory, we find an approximation to the effective potential of the superlattice.
[S0031-9007(96)00223-2]

PACS numbers: 73.40.Gk, 73.20.Dx

Despite the considerable effort which has been puthe corresponding low temperature mobilities of 80 and
into the study of one-dimensional surface superlattice@0 m*V~!'s™!. The mesa and the Ohmic contacts to
(1DSSL) [1], no direct measurements of their bandthe 2DEGs and the back gates were fabricated using
structure appear in the literature. However, many ofstandard processe#n situfocused ion beam implantation
the physical properties of a 1DSSL may be tracedbelow the contacts to the 2DEGs was used to prevent
back to features in its band structure. For exampleleakage between the 2DEGs and the back gates [16]. The
conductance measurements show minima due to bar@DEG Ohmic contacts connect both 2DEGs together and
gaps [2], and capacitance measurements show a peakselective depletion scheme was used to allow contact to
when tightly bound states pass through the Fermi energgach 2DEG independently [14,17].

[3]. The form of the interaction between light and The inset to Fig. 1 shows a schematic diagram of the
electrons in mesoscopic systems has ruled out opticalevice. The back gate is continuous and covers the
spectroscopy as a method for determining the bandomplete tunneling area. The front gate is patterned
structures of the effective potentials [4]. However, noby electron beam lithography into a grating of fifty
such problem arises with electron spectroscopy andne gates, connected by a single gate. It separates the
many measurements of such band structures have beantive tunneling area into three different regions: (Al) the
performed by this method [5-11,13]. For example,1DSSL, (A2) a region with no gate, and (A3) a region
Haydenet al. [9] have used magnetoresonant tunnelingwith a continuous gate.

spectroscopy to measure the band structure of an atomic For the present work we concentrate on a 1DSSL
surface superlattice.  Their measurements showedith period 570 nm and lithographic gate width 230 nm
anisotropy in the higher 2D subbands of a quantum wel{and areas Al, A2, and A3 of 880, 780, and 29M?,
grown on the GaAs(318)surface. respectively). We briefly mention the results of the

The advent of double quantum well (DQW) systems
has introduced a powerful new tool for performing
tunneling spectroscopy measurements [10—12]. In sucl

15- ™\ 2pEGs
systems, each two-dimensional electron gas (2DEG) cal ¢/ 'ull
be independently contacted and the Fermi wave vector: x'J \
can be independently adjusted using back and front gate _  {P%3L- 20/ \
[11,14], which allows equilibrium tunneling spectroscopy %4 '*[ \‘N \
measurements. In addition, and crucial to this work, thez \/
front gate can be patterned so that the potential in theg | h,
upper 2DEG may be modulated while leaving the lower 5 /N \
2DEG virtually free from modulation [6,12,15]. I / '

In this Letter, we report the first equilibrium electron :

tunneling spectroscopy measurement of a 1DSSL. The gl . .
samples are modulation doped DQW structures, growr . 04
using molecular-beam epitaxy. Each sample contains

two 18 nm wide GaAs wells, separated by an undopedIG. 1. Solid lines: experimental TDC, for 2D-2DV{ =
12.5 nm Al 38Gay sAs barrier. The upper well is 70 nm 0.03 V) and 1DSSL-2D ¥y = —0.25 V) tunneling. Dotted
below the surface. Si-doped layers placed above anEPFS:I Ca'g'”'at.ed ThDC- TD.CI ffor 1DShS'-'2D “J":’?”eznglwas_
below the DQW populate the lowest subband of each WeIEa culated using the potential form shown in Fig. 4. Inset

- . - 15 iagram of the device.V, andV, define independent contact
with 2DEGs of nominal densityy.0 X 10 and 1.8 X to each layer. V,, and V,, control the tunneling area of the

10" m~2 in the upper and lower wells, respectively, with device.

Vig(V)
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measurements of devices with periods 350 and 680 nm
and gate widths 180 and 200 nm, respectively. These
will be fully discussed in a longer article. By applying a
voltage V;; to the superlattice gate, the 1DSSL potential
modulation in the top well could be varied from zero to
the Fermi energy. The tunneling differential conductance
(TDC) between 2DEGs was measured at a temperature of
300 mK in a two terminal configuration with an excitation
voltage of 100uV at 79 Hz. The observed structure did
not change when smaller excitation voltages were used. 0.8 0.4

The TDC was measured as a function of back-gate voltage Vig(V)

Ve, with zero dc bias applied between the wells, I'e"FIG. 2. TCD for Vg3 = —0.25V for three different period

_eﬁeCtively asa functi'on of the Fe_rrr_li energy of 6|ec_3tr,9nsgratings. Arrows mark the peaks, which are due to the crystal
in the lower well. This method eliminated the possibility part of the 1DSSL band structure.

that the structure observed in the TDC originates from the
in-plane conductance in the 1DSSL.

2D-2D resonant tunneling is shown for our device
in Fig. 1. The TDC has a very sharp maximum atergy,Vy = —0.35 V. Each trace was filtered in the same
Ve = +0.67 V, where the carrier concentrations in both way as for Fig. 2—white corresponds to a peak.
2DEGs are matched and the conditions of total energy and The exact positions of the smaller peaks requires anal-
in-plane momentum conservation required for resonanysis of the electron states in the 1DSSL and the 2DEG
tunneling are fulfilled. It was found to be necessary toand their contribution to the tunneling. The low tempera-
apply Vi, = +0.03 V to the superlattice gate in order ture TDC for tunneling between 2DEG and 1DSSL within
to compensate the strain potential introduced in the
upper 2DEG by this gate [18]. The 2D-2D tunneling
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characteristic suggests that the potential modulation in thei= ol
lower 2DEG is negligible, or considerably smaller than 005
the line width of the peaks. o -0l

When a negative voltage is applied to the superlat- =z -0.1s
tice gate, the single 2D-2D tunneling peak splits into -02
three large 2D-2D tunneling peaks and a regular set 0,23
of smaller peaks. An example is shown in Fig. 1 for -0.3
Vs = —0.25 V, in which the three large peaks have been

labeledk, g, andA,. Thek peak derives from tunneling
into the 2DEG in the ungated region of A1l. Theeak
derives from the gated region of Al and the region A3, = _ais
and the A2 peak derives from the region A2. The peaks ="
occur at back-gate voltages where the carrier concentra
tions in the lower 2DEG and in relevant parts of the upper

-1 .—lil.H -6 -4 -3 0 02 -94 G 08

dI/dV {arb. units)

2DEG are matched. They have amplitudes proportional
to the area of these parts of the upper 2DEG. VooV
The smaller peaks reflect the crystal part of the 1DSSL (¢ ———————

band structure. Their positions correspond approximately 1 “

to back-gate voltages where, at the Fermi enekgyn the 0.5 || '| "

2DEG is equal td, in the 1DSSL to within reciprocal lat- AN

tice vectorG,, = 2nw/(a + b). nisanintegerg + b is ”"_“ S || [ '..,.n’i ;

the 1DSSL grating period, and tlyedirection is perpen- 05 B

dicular to the 1DSSL gates. As a consequence, when the e ? “-5,', P

period of the grating was changed from 670 to 350 nm the be

spacing between the peaks increased and hence their nume. 3. (a) TDC characteristics  taken  for Vi, =

ber decreased as shown in Fig. 2. Each trace has had the0.03 V, —0.35 V]. The gross background has been re-

gross background removed, using a high pass filter, to renoved to reveal the 1DSSL band structure—white peaks. (b)

veal only the 1DSSL band structure. Figure 3(a) shows %_heory corresponding to (a) using the potential shape shown in
. . ig. 4 with an overlay dot pattern showing the corresponding

gray scale plot ofas_erles of experimental TDQ traces_takegrystm band structure. (c) Comparison of filtered experimental

with the 1DSSL period of 570 nm and potential amplitudefull line) and theoretical (dotted line) TDC fdr, = —0.13 V

varying between zerd/;; = +0.03 V, and the Fermi en- (left) and —0.22 V (right).
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transfer Hamiltonian formalism [20,21] is given accurately A Fermi level
by 10__ "free states
S
dI/dv = £ Y Bilke ky; pAs(ke kysp). (1) g | <
Ky =1 S bound states\; y
The augmented spectral function of the 1DSBL is i E/
defined as D2 5o a pa— D2 )
o —— 200 400
Bl(kx?ky;ﬂ) = Zlgbky,v(_ky)lel(kx’ ky’V;,u/)- (2) y(nm)

IG. 4. 1DSSL potential, which gave the best agreement
etween experiment and theory, with corresponding eigen
spectrum.

In the quasiparticle approximation the spectral functions o
the 1DSSL and 2DEG|, 5), are Lorentzian
12
Ay (saz; ) = T/27[(T/2) + (u — LV (3)
s1= (ky, ky, »), 52 = (kx. ky) are the quantum numbers for equilibrium tunneling spectroscopy of the 1DSSL. The

; ; . TDC is the overlap ofB; (and notA;) with the disorder
the 2DEG and 1DSSL, respectively,/T" is the quasi- At 1
particle lifetime, > is the z-direction transmission coef- broadened Fermi circle of the 2DEG). B, makes

ficient (assumed energy and position independent), an@ rather striking pattern and an example is shown in

4 is the electrochemical potentiaE(z) — (2)2m") (k2 + Fig. 5(b) again using the potential form shown in Fig. 4.
2 T X = i

k}z,) 4V, is the energy dispersion relation of the 2DEG. For the bound stateg,= 1,2,..., 10, the wave functions

. 4 . . _» are only weakly dependent @ so thatg, , (—k,)
V\(/S used the dispersion relation of the 1DSSL in the forrqik\épproxim)elltely thye FFc))urier trﬁsform cﬁ‘k‘these ywave

s’ = I2k}/2m" + Ey , + Vi, whereEy , is the crystal  fynctions. The vertical lines in Fig. 5(a) are then replaced
part of the 1DSSL band structure amrdis the band in- iy Fig. 5(b) by the modulus squared of the Fourier trans-
dex. V() are the energy levels of the 2D subbands informs of the bound state wave functions. This has been
the upper and lower wells, respectively. We write thenoted for 1D-2D and 1D-1D nonequilibrium tunneling
wave function perpendicular to the 1DSSL in the Bloch[8’22123]_ The difference between Figs. 5(a) and 5(b)
form: ¢y, ., () =3, ™" Py, (y —nla + b)), where  for the free statesy > 10, is most easily illustrated using
@x,.»(y) is a solution of the Schrodinger equation for thehe Kronig-Penney wave functions. They have the form
1DSSL potential foO =y <a + b and is zero elsewhere. br(y) = Aexpliky) + Bexp(—iky) in the ungated re-
&i,.»(k) in Eq. (2) is the Fourier transform afy ,(y). giéhs of Al andey ,(y) = C expligy) + D exp(—igy) in

In the limiting case of zero potential amplitude in {4 gated regions.“For such wave functid)af);s)_,v(—ky)lz

the 1DSSL Eq. (1) represents tunneling between tWQ:IearIy contains peaks at, = *+k and k, = +¢4. In
2DEGs and takes the form of an overlap between theyyine” from the abrupt éronig-Penne; model to a

two spectral functions of the 2DEGs at the Fermi energy, ,qsiher potential these peaks are still present but
(which are the disorder broadened Fermi circles). The,o proadened. These peaks gife in Fig. 5(b) the

best fit, using Eq._ (1) for zero potential modulation, _torough appearance of two dark concentric circles (high
the 2D-2D tunneling peak is shown as a dotted lin€ynnejing probability). Experimentally this gives rise to

in the inset of Fig. 1 and haf ~ 05 me\(. Similar 0 brightk andq peaks of the TDC in Fig. 3(a).
values ofl" have been seen in other experiments on 2D- 1pa experimental positions of the and q peaks in

2D tunneling [14,19] confirming the assumption of the tpc characteristics determine the minimum and maxi-

negligible potential modulation in the lower 2DEG. mum of the effective 1DSSL potential since they tell us the
When the 1DSSL potential is defined parallepte- 0 a

set of Brillouin zone boundaries appear parallekc= 0.

This has the effect that, in the extended zone scheme,

a cut through a spectral function of the 1DSSL at the

Fermi energy appears as a set of circles displaced by"fé 0.3
reciprocal lattice vector§s,. In addition, if the 1DSSL -
wells are sufficiently deep, a set of tightly bound Bloch =
states form. Having no dispersion i, they appear =
as a set of lines running parallel #g =0. Figure 5(a) -1
shows such a cut for the 1DSSL potential shown in

Fig. 4 at the experimental Fermi energy 11.0 meV. It

was calculated using Eqg. (3) and dispersion relation for the ky (10%nrY) (b)

1DS_SL given above. . . FIG. 5. (a) A cut through the spectral functiofy of the
Itis the augmented spectral functién however which,  1pSSL potential shown in Fig. 4 at 11.0 meV. (b) Same as
in accordance with Eq. (1), is the key to understandinga) for the augmented spectral functisn.

0.5

1 -1 05 0 05 |
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electron concentration in the ungated and gated regiorthe normal tunneling processes between wells but find
of the 1DSSL, respectively. The positions of the smallethat the umklapp tunneling processes are washed out.
(band structure) peaks are determined by the shape of tW¥e find that one should expect small deviations of the
potential. By evaluating the TDC using Eqg. (1), for the experimental peak positions from the pure crystal band
potential shown in Fig. 4 we find the characteristic showrstructure since the peaks correspond to the maximum of
as a dotted line in Fig. 1. A direct comparison between théhe overlap of the disorder broadened Fermi circle of
experimental and theoretical traces in Fig. 1 is not possithe 2DEG and the augmented spectral function of the
ble since theg and A2 peaks of the experimental trace arelDSSL. By fitting the experimental data using the
greatly enhanced by tunneling from the areas A2 and A3unneling Hamiltonian formalism we are able to construct
of the device. However, the positions of the smaller peakan approximation to the 1DSSL effective potential.
are not affected by this extra tunneling and for these we can We would like to thank C. J.B. Ford, A.R. Hamilton,
directly compare experiment and theory. We have calcud. T. Nicholls, and D. Khmelnitskii for helpful discus-
lated a theoretical trace corresponding to each experimesions. B. K. acknowledges support from Trinity College.
tal trace in Fig. 3(a). The resulting gray scale is shown irD. A. R. acknowledges support from Toshiba Cambridge
Fig. 3(b) and may be compared directly with Fig. 3(a). Research Center. This work was funded by the EPSRC.
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tential is the best fit obtained from a series of calculations 1) ¢ \w.J. Beenakkerand H. van Houten, 8olid State
for different potential shapes, varied continuously from tri- Physics,edited by H. Ehrenreich and D. Turnbull (Aca-
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shape of effective potential, including its dependence on[4] W. Hansen, inProceedings of the 39th Scottish Univer-
V41, could have been determined by fitting each TDC char-  Sitiés Summer School in Physics, St. Andrews, Scotland,
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The dot pattern in Fig. 3(b) has lines with both positive (1993).

gradients (normal tunneling processes) which are se€i7] K.M. Brown et al., J. Vac. Sci. Technol. BL2, 1293
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reasons for this is clear from comparison of Figs. 5(a) and _ (1994). _ .

5(b). B, itself contains little of the band structure which [18] K-M. Brown et al., in Proceedings of the ICPS Con-
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