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Miniband transport in vertical superlattice field-effect transistors
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We study the nonequilibrium transport of two-dimensional electrons through a periodic potential.
Our samples are fabricated using the cleaved-edge overgrowth technique to provide a vertical
field-effect transistor with an undoped GaAs/AlGaAs superlattice channel orthogonal to the current
flow. We find a pronounced negative differential resistance, the magnitude of which increases with
increasing modulation strength. The data are qualitatively consistent with the Esaki—Tsu transport
model in minibands, which we calculate for the given samples. We emphasize the significance of the
two-dimensionality of the electron system and the gate to inhibit domain formation. Weak features
in the source-drain current are attributed to Bloch-phonon resonance200® American Institute

of Physics. [DOI: 10.1063/1.1390320

It has long been a dream to fabricate the Bloch oscillaMBE growth step an undoped SL dfl periods 12 nm
tor: an electronic device that emits tunable high frequencyGaAs/3 nm A} Ga -As (period lengtha=15nm is grown
radiation upon application of a dc voltage. In a simple physi-between twan™ GaAs contactgsource and drajnon semi-
cal picture electrons are accelerated by the electric field, anihsulating (00) GaAs. After in situ cleavage, a second
oscillate in real and reciprocal space due to Bragg reflectiongrowth step ofd nm GaAs, 100 nm AlAs, and 200 nm*
at the Brillouin zone boundary. The existence of Bloch os-GaAs gate follows on the freshly exposéd 0 surface. By
cillations (BOs) has indeed been proven by laser excitationpositively biasing the gate with respect to source and drain
of Wannier—Stark statésin semiconductor superlattices (gate voltageU,=0-1V) a two-dimensional electron gas
(SLs). However, the more practicable concept of electrical(2DEG) of densityng=0-6X 10 cm 2 is induced. Our su-
excitation suffers from the tradeoff between high currentperlattice field-effect transisto(SLFET) differs from the
(high doping level and long scattering timé&low doping  original device invented by Stormet al%in three impor-
level). Additionally, in bulk superlattices at the presence of atant ways. First we use™ GaAs source and drain contacts
local negative differential resistan¢dBiDR) the charge dis- instead ofn™ SL contacts, which is crucial to avoid leakage
tribution becomes unstable and causes low-field and highsurrents through the bulk SL at finite source-drain bias. Sec-
field domains, disrupting the BOs. Here we present a devicend we use am™ GaAs gate instead of a fixed doping to
structure which improves on these issues. First, in our vertiobtain tunable electron density and higher electron mobility
cal field-effect transistor high electron densities can be sedue to the absence of remote ionized impurity scattering.
simply by the gate without the need for any doping. SecondThird a new degree of band structure design is added since
the reduced dimensionality of the electron system with reby proper choice of the GaA€l10) layer thicknessd the
spect to bulk SLs and the presence of a metallic gate in closgirength of the potential modulation can be tuned without
vicinity serve to stabilize the charge distribution in the SLchanging the SL. Previously only devices with- 0 nm have
even in the regime of NDR. been investigated in magnetotranspbtt and nonequilib-

Sakaki et al theoretically consider a modulated two- rium transport*'* Recently, magnetotransport studies of
dimensional electron gd@DEG) by extending previous the- long-period SLFETs have revealed clear band-structure
oretical work on electron transport in bulk SLs at finite effects’® Here we systematically investigate short-period
Fermi energy. Stiles discusses possible three terminal field- SLFETs with (N,d) = (100, 0nm), (200, 4 nm, (200, 10
effect devices, which have subsequently been realized onm), and(200, 20 nm and reference FETs where the SL was
vicinal surface$and using grid metallic gat€€ The vicinal ~ replaced with a homogenous #kGa g3AS layer (the cho-
surface devices, relying on self-organization, hardly achieveen Al content matches the mean Al content in the. 3l
regular potential modulations, while the grid gate devicesmeasurements are performetdlaK in liquid He, the drain
although well defined, are limited to period lengths abovevoltage is applied to the top™ layer, two voltage probes
~100 nm and weak potential modulations due to the distancéetect the actual voltage drop across the 2DEG.
between the surface gates and the 2DEG. A series ofl -V measurements is shown in Fig. 1 for all

Our design, using the cleaved-edge overgrowthfour SLFETs. For a gate voltagé =0V the source-drain
technique’, overcomes these limitations because atomicallycurrentlgq is smaller than 1uA for all samples. Abovel
precise potential modulations with freely adjustable ampli-=0.13, 0.11, 0.06, and 0.02 V, respectively, saturates at a

tudes are readily achieved. As shown in Fi¢c)2in a first  finite current. For slightly larger gate voltages current satu-
ration is preceded by a NDR faf > 25, 35, 45, and 50 mV,

a . . respectively. In addition, the strength of the NDR decreases
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P the known density of states have shdwi that the Fermi

' energyEg reachesA; for Ug=0.4V. For increasingl A,

also increases, indicating the weaker influence of the SL on
the electron gasA, remains almost unchanged, because the
corresponding electron states are located in the SL.d~or
=10 nm both minibands even overlap, and der 20 nm the
electron dispersion is almost equal to that of the free elec-
] tron.

/ ] We interpret the SLFET data in terms of Esaki—Tsu type
. |0 miniband transport under the assumption of constant electric
20 field across the SL. Electrons are accelerated towards the
Brillouin zone boundary, and, unless scattered, are Bragg
reflected, which results in electron localization and a de-
creasing current. Calculatioh have shown thatl) even
whenE->A for 2D electrons the current and NDR persists,
unlike the 1D case, where the current is expected to quench
at filled bands(ll) the position of the NDR depends on the
scattering time and is not directly dependent&n(lll) the
peak current increases with increasiigThese findings are

in qualitative agreement with our data, but it must be noted
that they are based on the assumption of a constant relax-
ation time and sinusoidal energy band, which need to be
relaxed for quantitative agreement.

Further experimental evidence for Esaki—Tsu type mini-
band transport is obtained by comparing the electjoan-
tum mobility ,quBgl, obtained from the onset of
Shubnikov—de Haas oscillations at the magnetic fiB|d
with the Esaki—Tsu mobilityugr=AdL/2AU,, related to
the peak voltagd) ,(L =channel length For all samples we
find good agreement between these mobilities, e.g., for the
SLFET with d=0nm o= puer=3x10*cn?/Vs, and for
d=20nm po=pegr=1.2<x10°cn?/Vs. This remarkable
fact indicates that relevant scattering events for BOs are the
ones that are phase breaking with phase coherence #ime
CHUQy MET-

In the following we rule out other possible reasons be-
sides Bloch localization that could theoretically lead to NDR.
(1) Intersubband scatteringnight occur sincel, is compa-

: : : . . 0 rable to the subband separation, and dor 10 nm the sub-
0 100 200 300 400 00 05 1.0 bands even overlap. For>0 nm A, is always smaller than
source drain voltage (mV) - kor(*/2) A, and due to the heavier electron mass in the upper band,
FIG. 1. Current—voltage characteristics and calculated band structure of tll DR could be expected. However, this rationale is not ap-
two lowest minibands for the different SLFE{dotted: free electron disper- plicable to thed=0 nm case, where both subbands have the
i%”)s m(g)V'g:j3’?é“aqu\/l;Tc)3§=m1%Vr’]mA,i f'fz'f‘zer\n/;\gzg;g r?]’z\*/; (A(ﬁ same width and mass, and the mobility in the higher subband
d=20nm, A, =21.2 meV,A,=5.0 meV. will even be larger due to the larger distance of the electrons
from the interface. Therefore the NDR of this sample cannot
be explained by intersubband scattering. Additionally, the
largerd. The reference samples show normal FET behaviogtrength of the NDR decreases with increasitigeven
with comparable saturation currents to the SLFETSs, but N@hough the difference in effective mass of both subbands
NDR. increases, which also rules out such an explanation for the

The influence otl on the band structure in the SLFETs is NDR. (1I) Intervalley scatteringan be excluded because the
revealed by self-consistent two-dimensional quantum Meenergy separation between theand L minima in GaAs is
chanical calculations, as shown in Fig. 1 next to the respeanuch larger than the energy even of ballistic electrong at
tive SLFET traces. Fod=0nm the miniband widthA;  (lIl) Real space transfeacross the gate barrier can be ruled
=3.3meV. The second miniband of width,=3.3meV  out because the gate current is orders of magnitude smaller
originates from excited states in tti#10 direction, and is than the source-drain curreitty) Breakdown of the electric
offset from the first miniband by th¢110 quantization field in NDR devices into high- and low-field domains may
energy*® We note that\; andA, only weakly depend on the be a major obstacle for operating bulk SL devices beyond
electron density, and are separated by a minigap. dor U,. In our SLFETSs, however, no sudden jumps in the cur-
=0 nm magnetotranspbexperimers and calculatiors using  rent at voltagesUs,>U, are observed. Additionally both
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(a) energy (meV) (c) =0 nm SLFET. Under the assumption that electrons perform
200 nm n+ GaAs

100 nm AIAs Bloch oscillations, the rf energy at these voltagesEis

= modulated 2DES =eUgqd/L=0.93 and 1.32 meV, respectively. Surprisingly,
E these energies are also theoretically obtained for longitudinal
g e e and transversal acoustic phonons, that are folded back to the
. Bog é k=0 momentum state at the Brillouin zone bound&y
(b) 00 { i i ya T_?: =mla, [see Fig. Pa)]. Folded phonons in SLs have previ-
£0.12 ié E ously been detected with Raman scattering experiménts,
50_11 el e but never in transport experiments. We suggest that folded
E ; phonons are resonantly emitted when the Bloch energy
£ 010 ! matches the folded phonon energy, which lifts electron local-
‘:5; 0,09 ization and results in an increased source-drain current.

= In summary we introduce a vertical field-effect transis-
Soo0s tor, that allows us to investigate Esaki—Tsu miniband trans-
8 port of two-dimensional electrons within, and adjacent to,
§0'°7 atomically precise SLs, thus probing different miniband

widths. Our work contributes to the quest for the electrically

0 driven Bloch oscillator.

source drain voltage (mV)

FIG. 2. (a) Acoustic phonon dispersion relatiofdotted: TA, v=3.4 The authors gratefully acknowledge valuable help by M.
X 10° m/s; dashed: LAp=4.8x10* m/9 calculated using the respective Grayson, F. Ertl, A. Wacker, and G. Zandler and the support

sound velocitiesy, minigaps schematically drawtb) enlargement of the by the DFG via SFB 348 and the BMBF under Contract No.
d=0nm SLFET |-V curve of Fig. 1 forUy=0.27-0.33V(c) SLFET 01BM918.
sample design.
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