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Evidence of a Hybridization Gap in “Semimetallic” InAs /GaSb Systems
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InAs/GaSb composite quantum wells sandwiched by AlSb are studied by using capacitance-voltage,
guantum Hall, and three-terminal transfer measurements. Our data reveal a positive energy gap resulting
from the hybridization of in-plane dispersions of electrons in InAs and holes in GaSb for conventionally
recognized “semimetallic” INnA&GaSh heterostructures. [S0031-9007(97)03348-6]

PACS numbers: 71.20.Nr, 72.80.Ey, 73.20.Dx, 73.61.Ey

Semimetals and semiconductors are two different solid In order to investigate the relative position between the
state materials. The major property distinguishing thes&ermi level (E;) and subband levels at different front
two classes is the energy gdg,); i.e., E, >0 for  gate voltaggV,), we carried out the capacitance-voltage
semiconductors, whileZ, = 0 for semimetals. It has (C-V)and Hall measurements at 4.2 K, and the results are
been commonly believed for almost two decades thaplotted in Figs. 1 and 2. For the semiconducting sample
InAs/GaSb superlattices undergo a semiconductor-toin the V, range from 10 V to—10 V, the Hall resistivity
semimetal transition [1] when the InAs well thickness depends linearly on the perpendicular magnetic figld)
is increased to a critical value in the vicinity of 85 A before the emergence of the quantum Hall plateaus. The
[1,2]. However, self-consistent calculations performedinearity of Hall resistivity implies a single-particle trans-
for InAs/GaSb superlattices [3] and quantum wells [4,5]port, i.e., two-dimensional (2D) electrons never coexist
show a hybridization gap of a few meV owing to the with 2D holes in the semiconducting sample. The elec-
coupling between electrons in the InAs well and holestron density, obtained from Hall measurements and plot-
in the GaSb well. Although there are several magnetoted in Fig. 1(b), is1.93 X 10> cm 2 at V, = 10 V and
optical [6—8] and magnetotransport [9] works which showdecreases linearly th2 X 10! cm 2 atV, = 0 V. The
the impact of electron-hole hybridization on the data,electron channel switches to a hole channel in the vicin-
there has never been conclusive measurement of thty of V, = —6V, and the hole density is determined
hybridization gap. As a result, the term “semimetallicto be5.3 x 10'' cm™2 atV, = —10 V. For C-V mea-
InAs/GaSb” still prevails in the scientific community. surements, there are four components [12] that contribute
In this Letter we provide, for the first time, evidence to the measured capacitance per unit af€a) for our
of semiconducting properties on a hybridized (knownsample structure, i.e.,
traditionally as “semimetallic”) InA8GaSb composite 1 1 d (z0) 1

.. .0
guantum well (CQW). The positive energy gap results - = + + 3 ,
from either the size-quantization effect in thin CQWSs or Cw  Cou  eaisp  ecow  ¢’D(E)
the hybridization effect in thick CQWSs. In addition, we where C,, is the oxide dielectric capacitance per unit
find that the hybridized CQW undergoes a semiconductorarea, s, andd are the dielectric constant and thick-
to-semimetal transition when an in-plane magnetic field isiess of AISb, respectively. In additiorcqw and(zo)
applied. are the average dielectric constant and average position

The detailed sample structures and the fabricatiorf the electrons in the CQW, anbB(E) is the 2D den-
processes are described elsewhere [10]. The sampdity of state (DOS). For an ideal two-dimensional system,
parameters and the energy band diagrams are shown tine DOS is constant for one subband and dependent upon
Table | and the insets of Figs. 1 and 2, respectivelythe effective mass:*, i.e.,D(E) = m*/wh>. Figure 1(a)
Here thek = 0 subband energies are calculated withshows the normalized capacitance measured at 10 kHz
the envelope-function approximation under a four-bandvith a 50 mV peak-to-peak ac signal for the semiconduct-
k - p model [11]. The main focus of this paper is oning sample. It is found thaf,, is featureless for-4 <
the hybridized CQW, while the semiconducting sampleV, = 10 V whenEy is aboveE,. Owing to the low den-
is used for reference. These two samples represent twaity of the localized and interface states within the for-
classes of subband alignments in the IAGaSb system. bidden gap(,, displays a dip whelk is passing through
For the hybridized CQW, the lowest heavy-hole subbandhe band gap fronk, to HHy, i.e., whenV, is biased from
(HHp) lies above the lowest electron subbdig), which -5V to —7 V. When the heavy-hole channel is fully
was regarded as the only prerequisite of a semimetal iturned on,C,, recovers to a slightly higher value. This
the past. In contrast, for the semiconducting CQW,,HH small increase is, though in part due to the additional DOS
is belowEy, and it has an unambiguous positive band gapof the heavy-hole subband, mainly from the reduction
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TABLE I. Sample parameters. HHs the lowest heavy-hole subband energy below the GaSb valence band maxigum,
and E, is the lowest electron subband energy above the InAs conduction band miniBg, The subband energy difference,
AEq,, is estimated by assuming thag,s;, is 150 meV above:, ;.

Sample GaSb InAs HiH Ey AEgp
Semiconducting 60 A 60 A 21.5 meV 214 meV 85.5 meV
Hybridized 40 A 140 A 39.5 meV 68 meV —42.5 meV

of (zp). This reduction occurs because the GaSb QWn the negative gate biases,10 = V, < —1 V, the Hall
is a few tens of angstroms closer to the front gate thameasurements (not shown) for the hybridized sample
the InAs QW. This is confirmed by performing tlieV  indicate a multiple-carrier transport. It is known that in
measurement on a sample with the InAs QW closer to théhe case of multiple-particle transport, the slope of Hall
surface than the GaSb QW. resistivity at high enough field is determined by the net
For the hybridized CQW, th€-V curve has new fea- carrier concentration, regardless of the mobility of the
tures. The step dt, ~ 5V in Fig. 2(a) results from the individual particle [13]. Consequently, the difference of
increase of DOS, and indicates the alignmentpfand  the 2D hole and 2D electron density can be obtained and
the second electron subbary. This identification of s plotted in Fig. 2(b). It is found that the hole density
the capacitance signal &, ~ 5V is confirmed by the  exceeds the electron density wheép < —4 V. In this
Hall measurement. In the range of positive, only 2D negative bias range, the capacitance reveals three pieces
electrons are present in the CQW, and the Hall resistivitysf information. First, in the vicinity ofv, = —1 V, the
depends linearly o, at low fields(B, < 1 T). How-  E, is aligned with HH. The~2% increase of,, marks

ever, the longitudinal resistivity shows beating phenom+he onset of hole channel. Second, the most important
ena on the Shubnikov—de Haas oscillations wign>  feature is observed at, ~ —4 V, i.e., when electron and

5V, indicating the occupation of the second electron subhole densities are equal.

band. The total 2D electron density varies linearly from The small dip ofC,, is a direct result of the formation
2.6 X 10" cm™ at V, = 10V to 8.0 X 10" cm™ at  of a small energy gap by the coupling of in-plane disper-
Ve = 0 V. The linear dependence of the net carrier densjons of heavy hole and electron subbands. As illustrated
sity on the gate voltage is consistent with the simple cain the following, the dashed curves in Figs. 3(a) and 3(b)
pacitor model. ThatisC,,AV, = AQ, whereAQ isthe  gre, respectively, the DOS and in-plane dispersions under
net charge changed withikV,. The dependence of den- a nonhybridized picture, assuming the §i$ 50 meV
sity on theV, for the hybridized sample is stronger, i.e., above theE,, i.e., a semimetal withE, = —50 meV.
a largerC,,, than for the semiconducting sample due to aHere electron mass and hole mass are assumed to
thinner oxide; 1300 A compared to 2000 A. In contrastbe m* = 0.03m, and m; = 0.37 m,, respectively

[8]. This nonhybridized dispersion is valid when the
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FIG. 1. (a) The normalized capacitance as a function of gate

voltage for the semiconducting sample. The inset shows th&lG. 2. (a) The normalized capacitance Vs for the hy-
energy diagram. (b) Theotal 2D density determined by the bridized sample. The inset shows the energy diagram. (b) The
Hall measurements. net2D density obtained from the slope of the Hall resistivity.
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GaSb and the InAs QW's are far separated. Howeversample behaves as a conventiondi/pe field-effect tran-
when these two wells are adjacent to each other, thsistor (FET). Thelps turns on sharply from—6 V to
degeneracy around the crossover is lifted due to the-5V, and increases monotonically &5 is increased.
k - p interaction between electrons in the InAs andEventually, it reaches a saturation value-6f0 wA. By
holes in the GaSb [3,5]. When the hybridization effectthe same token, the sample is likepatype FET in the
is considered, this conventionally recognized semimetavoltage rangé’/, < —6 V. However, the saturation value
becomes a semiconductor withWashaped (oM-shaped) for p channel is expected to be smaller due to two factors.
conduction (or valence) band dispersion, shown as soli@ne is because the hole mobility in the GaSb QW is 1 or-
curves in Fig. 3(b). The hybridization gap depends uporder of magnitude smaller than the electron mobility in the
the coupling coefficient, which is determined by thelnAs QW. The other is because of a resistive tunneling
degree of wave function overlap of the electrons in theprocess between the ohmic contacts and the hole channel
InAs QW and the holes in the GaSb QW. Here we havg10]. That is, the channel conduction fdf, < —6 V is
chosen a coupling coefficient of 5 meV [3—-5]. As a resultcarried by electrons tunneling from the source region of
of hybridization, the DOS is also changed. We find zerathe InAs QW to the GaSb QW and then tunneling back
DOS within the hybridization gap as expected, and twao the drain region of the InAs QW. When we superim-
van Hove singularities at the band edges [see solid curveose transfer characteristicsiobndp FET, we expect an
in Fig. 3(a)]. However, due to the sample imperfections asymmetricvV-shaped-V curve as observed for the semi-
the sharp feature of the DOS is smeared out significantlgonducting sample, where the hole channel is not turned
by the inhomogeneous broadening [14]. In other wordspn until the electron channel is turned off. The minimum
the resulting DOS after considering the hybridization andof the V shape is a consequence of the Fermi level resid-
inhomogeneous broadening effects is closer to the dashéag in the band gap, and it marks the onset of the switch-
line in Fig. 3(a), butwith localized states within the ing between electron and hole conduction. On the other
hybridized gap. As a result, this modification of DOS hand, in the case of a true semimetal system, the hole
is reflected as a dip ii,,. Third, in the range-10 =  channel is turned obeforethe electron channel is turned
vV, < =5V, the C,, shows no features, implying that,  off. The resulting transfer characteristic is then expected
is still aboveE, atV, = —10 V. This is consistent with to be steplike, instead of shaped, because there is no
the Hall measurements and the fact that the DOS of #orbidden energy gap. However, this is not observed for
hole subband is more than ten times larger than that of athe hybridized sample. In the voltage rangé0 = V, <
electron subband. 0V, we still observed av/-shaped curve, a characteris-
We have shown, so far, not only that both quantuntic of a semiconducting sample. This result further con-
Hall and C-V measurements confirm the coexistence offirms the existence of an energy gap whgnlies between
2D electrons and 2D holes for the hybridized sampleHH, andE).
when—10 = V, < —1V, but also that there is a signa-  Although both the semiconducting and the hybridized
ture of hybridization gap od’,, atV, ~ —4 V. In addi- CQW exhibit an energy gap, they show distinct transport
tion to theC-V curve, the transfer characteristics are moreproperties under a parallel magnetic figld), due to
strongly influenced by the band hybridization. Figure 4(a)ifferences in the original mechanisms of the energy gap
shows the typicall-V curve for the narrow gap semi- formation. In the presence a8, applied along they
conducting sample. FoV, > —6 V, the drain current axis, electrons in the InAs well with in-plane momentum
(Ips) is carried by 2D electrons in the InAs well, and the (k,, k,) will couple to holes in the GaSb well with
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FIG. 3. (a) The density of states and (b) the in-plane dispersion relations of electrons in InAs and holes in GaSb without (dashed
curve) and with (solid curve) consideration of the hybridization effect. (c), (d) The in-plane dispersions including the hybridization
effect under a parallel magnetic field. Here the Hilassumed to be 50 meV above thg
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102 . , , ] ized states ofC,,AV,/q = AQ/q = 7.2 X 10" cm™2,
] A simple estimate of the hybridization gap based on
101 the constant 2D DOS [i.eD(E) = (m} + my,)/mh =
ok (a) ] 1.7 X 10" cm2meV '] is 4 meV, consistent with the
g 10 Semiconducting: calculation [3_5]-
Byo1L ] In summary, we have carried out a complete and sys-
tematic study of InAgGaSb systems, and demonstrated
102 ¢ the formation of a positive band gap as a result of hy-
: bridization when the electron parabola overlaps with the
10° : hole. Owing to the nature of different mechanisms of
/ﬁ‘ the positive band gap formation, the hybridized system
undergoes a semiconductor-to-semimetal transition when
-, 107 ®) 1 a parallel magnetic field is applied, while the semicon-
3 : Hybridized ] ducting InAgGaSb system shows transport properties
B 1 independent oB;.
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