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We present room temperature resonant tunneling of GaSb/AlAsSb double barrier resonant
tunneling diodes with pseudomorphically grown prewell emitter structures comprising the
ternary compound semiconductors GalnSb and GaAsSb. At room temperature, resonant
tunneling is absent for diode structures without prewell emitters. The incorporation of
Gaggalng.16Sb and GaAsg gsSbggs prewell emitters leads to room temperature resonant tunneling
with peak-to-valley current ratios of 1.45 and 1.36, respectively. The room temperature
operation is attributed to the enhanced I'-L-valley energy separation and consequently
depopulation of L-valley states in the conduction band of the ternary compound emitter prewell

with respect to bulk GaSb.
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The three semiconductors GaSb, InAs and AISb of the so-called 6.1 A family cover a wide range of
bandgap energies and unique material properties, which make them particularly suitable for applications in
high-speed electronics and as mid-infrared optoelectronic semiconductor devices." During the past few years,
application related research focused on mid-infrared light sources and detectors.** Especially the progress on
interband cascade lasers (ICLs) and interband cascade detectors (ICDs) with type-Il superlattice absorbers has
driven the field.”” In a recent publication we proposed an alternative mid-infrared photodetector concept
based on resonant tunneling diodes (RTDs) with 6.1 A family semiconductors.® RTDs can be exploited as high-
speed and low-noise amplifiers of weak, optically excited electrical signals.g_11 Unlike avalanche photodiodes, in
which the multiplication gain originates from impact ionization, the RTD photodetection principle is based on
the modulation of the resonant tunneling current via Coulomb interaction in presence of photogenerated

12-14

minority charge carriers. This mechanism provides very high amplification factors exceeding several

hundred thousand at considerably low operation voltages.w’ll'ls‘16

The GaSb/InAs/AlSb material system has
brought forth resonant tunneling structures (RTS) with unique and enhanced characteristics.”"’ Resonant
interband tunneling diodes (RITDs) for example exploit the broken bandgap alignment of GaSb and InAs, which
leads to considerably low resonance voltages as low as 90 mv.*® Bandgap blocking at bias voltages exceeding
the resonance voltage ensures high room temperature peak-to-valley current ratios well above PVCR >

20.%%° RTDs employing an AlSb double barrier structure with InAs quantum wells and contacts have mainly
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been studied for high speed switching with oscillator frequencies up to f = 712 GHz.2"*?

Despite all these
desirable properties (low voltage, high PVCR and high speed), most RTDs and RITDs of the 6.1 A family are
poorly suited as photodetectors, since the staggered or even broken type-ll bandgap alignment does not
provide the means for sufficient accumulation of minority charge carriers at the RTS. The AlSb/GaSb double
barrier RTS resembles conventional AlGaAs/GaAs RTDs and provides a well-defined type-I band alignment with

large offsets in conduction and valence band.”® Surprisingly, GaSb/AlGaSb double barrier RTS have been hardly

investigated. Although resonant tunneling has been observed at cryogenic temperatures, it has not yet been
demonstrated at room temperature. This can most likely be attributed to the small I'-L-valley energy

separation within Gasb.”

In this publication, we investigate the electronic transport properties of AlSb/GaSb RTDs with
pseudomorphically grown ternary emitter prewells. The main purpose of the emitter prewells is to increase the
I'-L-valley energy separation and thus to suppress L-valley and I'-L-valley transport channels. Additionally, an
enhancement of RTD transport properties can be expected in case of sufficiently deep prewells, due to

guantization effects.”®

For structures without a prewell emitter, resonant tunneling and peak-to-valley
current ratios exceeding 8.2 are observed at a temperature of 77 K. At room temperature, resonant tunneling
is absent for diode structures without prewell emitters. The incorporation of Gaggslng16Sb and GaAsg ¢5Sbg.os
prewell emitters leads to room temperature resonant tunneling with peak-to-valley current ratios of 1.45 and

1.36, respectively.

The investigated samples RTD 1, RTD 2 and RTD 3 are grown by molecular beam epitaxy (MBE) on an n-
type Te-doped GaSb (100) substrate. The MBE chamber is equipped with solid state evaporation cells for the
group-lll elements (Al, Ga, In) and dopants (Be, Si, Te). Group-V elements (As, Sb) are provided by valved
cracking cells. During the growth process, the substrate temperature is controlled by a pyrometer. Prior to the
growth, oxide desorption is realized under Sh-stabilization flux at a substrate temperature of T = 580 °C. The
layer structures of all three samples are provided in Figure 1 (a). First, 300 nm of n-type Te-doped GaSb are
grown withn = 1 x 108 cm’®, followed by a 120 nm wide GaSb layer with a reduced doping concentration of
n=5x 107 cm®. The undoped resonant tunneling structure is grown subsequently, starting with 20 nm
GaSh, followed by the 7 nm wide emitter prewell, and two 4.5 nm lattice matched AlAssSbog, barriers
sandwiching a 5 nm quantum well. The three samples differ in the composition of the prewell emitters and
guantum wells. For the reference sample (RTD 1), prewell and quantum well consist of the binary GaSh. For the
samples RTD 2 and RTD 3, the ternary and pseudomorphically grown Gaggslng16Sb and GaAsggsSbges are
employed, respectively. The resonant tunneling structure is finalized by 27 nm of undoped GaSb, followed by

2 and 220 nm lattice-matched

120 nm of GaSb with a doping concentration of n =5 X 107 cm
Alg 3Gag 7AS0.03Sbo.s7 With a doping concentration of n = 1 x 1018 cm®. 0On top, a 10 nm GaSb capping layer with
n=1x10%8cm3s deposited. The doping profiles are examined and confirmed by time-of-flight secondary
ion mass spectroscopy (TOF-SIMS). Growth rates and width of the different semiconductor layer structures are
examined and confirmed with cross-sectional scanning electron microscopy (SEM). Figure 1(b) shows an SEM

image of the layer structure of RTD 1. Dark contrast represents regions with higher Al concentrations, which



allows for identifying width and position of the AlAsSb double barrier structure as well as the AlGaAsSb contact

region. The SEM images indicate good crystal quality with no apparent dislocations or defects.

Figure 1(c) shows a sketch of the conduction band (CB) profiles of the resonant tunneling structure of
RTD 2 for the I'- and L-valley as solid black and red dashed line, respectively. Due to the small I'-L valley energy
separation in GaSb of only AEr_;, = 26 meV and the relatively low density of states at the ['-point (compared
to the L-valley), a significant fraction of electrons occupy L-valley states at room temperature.27 The ternary

prewell lowers the I'-, while increasing the L-valley. Hence, L-valley states in the emitter are depopulated.

Figure 1 (d) and (e) show the CB offset AE. and the I'-L valley energy separation AEr_;, as a function of
In and As mole fraction. AE; and AE_;, are calculated using the material parameters provided in Ref. [27] The
black and red arrow indicate the mole fraction used in RTD 2 and RTD 3, respectively. The mole fractions of 16

% In (RTD 2) and 5 % As (RTD 3) are chosen to provide comparable AE and AE}_y, values.

High-resolution X-ray diffraction (HR-XRD) measurements confirm the mole fractions of the ternary and
quaternary semiconductor layers. The experimental HR-XRD scans (black line) and the corresponding
simulations (green line) are shown in Figure 2(a), (b) and (c) for RTD 1, RTD 2 and RTD 3, respectively. XRD
counts are plotted versus the diffraction angle Aw, with the GaSb peak diffraction angle positioned at Aw = 0°.
The HR-XRD spectrum of RTD 1 shows a single peak at Aw = 0°, which indicates a good and high quality lattice-
matched crystal growth of the RTD and the AlGaAsSb contact region. For RTD 2 and RTD 3, compressive and
tensile strain secondary patterns arise at smaller and higher angles, respectively, caused by the incorporation
of the pseudomorphically GalnSb and GaAsSb regions. The secondary pattern of RTD 2 is more pronounced

compared to RTD 3 due to the three times higher In compared to As concentration.

Circular RTD mesa structures with diameters fromd = 2 um up tod = 13 um are defined by optical
lithography and dry-chemical etching. The etching depth is about 50 nm below the double barrier structure.

The polymer BCB (BenzoCycloButene) is used for mesa sidewall passivation. No further surface passivation

treatments are applied. The RTD mesa structures are contacted with AuGe/Ni/Au on the substrate side and

Ti/Au ring-shaped contacts are deposited on top of the mesa.

Figure 3 shows the current density-voltage (j(V))-characteristics of the three RTD samples, measured at
room temperature (T = 300 K, red) and at T = 77 K (blue). For RTD 1 and at 77 K (Figure 3 (a)), a typical RTD
characteristic with a well-pronounced current bistability is observed. The resonance occurs at a bias voltage of
V = 2.1V with a current density of j,., = 2.98 HA/um?, and the valley current density is jya = 0.36 HA/um’.
The corresponding peak-to-valley current ratio is PVCR = 8.2, which is slightly above the previously reported
value of PVCR = 7.6 in a similar structure.” According to Jimenez et al., the observed bistability is of intrinsic
nature.”®* For negative bias voltages (not shown here), identical resonance and valley current density values
are observed. Hence, the RTS is of high quality and symmetry. At room temperature however, the current
resonance disappears and only a little shoulder remains at about V = 1.5V, as indicated by the red arrow. At
room temperature and due to the small AE-_; separation of GaSb, a significant fraction of electrons in the

conduction band populate the L- instead of the I-point,”’ and several additional transmission paths need to be
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considered, which in sum lead to a disappearance of the current resonance at room temperature.23 The j(V)-
characteristics of RTD 2 and RTD 3 are sown in Figure 3 (b) and (c), respectively. Similar to RTD 1, both prewell
samples show a well-pronounced resonance located at V = 1.4 V at a temperature of T = 77 K, with peak-to-
valley current ratios of PVCR = 7.8 (RTD 2) and PVR = 4.0 (RTD 3). In contrast to RTD 1, the valley regions of
RTD 2 and 3 are much more pronounced and extend over a broader voltage region of about 0.5 V fromV = 1.5
V up toV = 2.0 V. The lower PVCR of RTD 3 is caused by a reduced resonance current density j,.; = 2.55

|,1A/p.m2 and an increased valley current density j,,; = 0.64 uA/umZ.

At room temperature, resonant tunneling with a well-pronounced current resonance and a negative
differential conductance region is observed (RTD 2 and RTD 3). For both samples, the resonance is observed at
values slightly below IV = 1.1 V. The corresponding peak-to-valley current ratios are PVCR = 1.4 (RTD 2) and
PVCR = 1.3 (RTD 3) With js = 2.12 pA/um” and j,,s = 2.09 pA/um?, respectively. Several conclusions can be
drawn from a comparison of the j(V)-characteristics shown in Figure 3. Most importantly, the room
temperature transport properties of GaSb-based double barrier resonant tunneling diodes can be significantly
enhanced by incorporation a pseudomorphic prewell and hence, resonant tunneling at room temperature can
be achieved. The improvement is only observed for prewell injection (positive bias voltages), whereas injection
from bulk GaSb into the inter-barrier quantum well (negative bias voltages) shows no notable effect, as can be
seen from the inset in Figure 3 (b). In GaAs RTDs with GalnAs prewells, an enhanced PVCR can be observed,
mainly due to larger resonance currents, which originate from increased emitter charge carrier density,

25,26,30-33 . PO .
Since this is true at cryogenic

stronger 2D-2D tunneling and an enhanced wavefunction overlap.
temperatures as well as at room temperature, an increased resonance current should be apparent at any
temperature. In the samples RTD 2 and RTD 3, the opposite is the case. On the contrary, the resonance current
densities of RTD 2 and RTD 3 are reduced at T = 77 K compared to RTD 1, which suggests that the room
temperature operation cannot be attributed solely to quantization effects in the prewell. Given the shallow

nature of the prewells, this seems reasonable and it leaves the increased I'-L valley energy separation within

the prewell as main contributing factor.

Surface leakage and reproducibility are important issues in Antimonide-based electronic devices that
originate from the reactive antimonide surface.* When exposed to an oxygen-containing environment such as
air, the GaSb surface will form a native oxide layer and free Sb.* Both the oxide layer and free Sb strongly
diminish the device performance. While the free Sb can act as metallic low resistance shunt, the oxide layer
creates additional interface states promoting generation-recombination centers, charge accumulation centers,
or trap levels.** Hence, a lot of effort is devoted to developing passivation techniques, such as dielectric
passiva‘cion,36 chalcogenide passivation,37 or high-bandgap semiconductor overgrowth.38 To investigate surface
leakage and reproducibility in our samples, we measure a series of room temperature I(V)-characteristics of
RTD 2 and RTD 3 for diode diameters fromd = 4 pm up to d = 13 pm. The corresponding resonance (I,
black spheres) and valley currents (I,;, red spheres) are shown in Figure 4 (a) and (b) as a function of the diode
area for RTD 2 and RTD 3, respectively. For both samples resonance and valley current increase linearly with
the diode area and the slopes of the linear fits provide the current densities, with j,.., = 2.13 pA/um2 for RTD 2

and j,.s = 2.01 uA/um2 for RTD 3. The valley current densities are j,,; = 1.47 uA/um2 (RTD 2) and j,q = 1.48
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uA/um2 (RTD 3). The corresponding PVCRs are 1.45 and1.36 for RTD 2 and RTD 3, respectively. The PVCR
obtained this way represents the PVCR of large scale RTDs. Notably for both samples, the linear fit function of
I.es and I, intersect the x-axis at positive diode areas of 8 um’ and 7 um?’, respectively. Hence, a distinct non-
conductive region of about 1.5 pm thickness is observed, which indicates that side-wall leakage is negligible.
The non-conductive region can be caused by different mechanisms such as for example by a Fermi-level

pinning, defects from the dry-chemical etching process, or oxidation of Al-rich Iayers.39’40

Even though surface
Fermi-level pining in GaSb occurs in vicinity of the valence band edge, a depletion region as large as 1.5 um due
to surface Fermi-level pinning does not seem reasonable. Thermal oxidation of AlAsSb is known to occur under

heating conditions (e.g. baking process of the BCB) and could explain the outer non-conductive region.40

In conclusion, we have demonstrated room temperature resonant tunneling of electrons in AlSb/GaSb
double barrier resonant tunneling diodes by utilizing pseudomorphically grown ternary GalnSb and GaAsSb
emitter prewells. Peak-to-valley current ratios of 1.45 (RTD 2, GalnSb) and 1.36 (RTD 3) have been observed.
The improved room temperature transport properties result from a depopulation of L-valley states in the
emitter prewell with respect to bulk GaSb. Further increasing the In or As mole fractions will supposedly result

in a significant increase of the PVCR.
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Figure 1: (a) Layer structures of the three resonant tunneling diodes: RTD 1, RTD 2 and RTD 3. (b) Cross-sectional
scanning electron microscopy image of reference sample (RTD 1). Dark contrast regions correspond to Al-containing regions.
(c) Conduction band profiles of the I'- and L-points of sample RTD 2 with GalnSb quantum wells. (d) Conduction band offset
(quantum well depth) as a function of In and As mole fractions. (e) Conduction band energy separation of I'- and L-point as a
function of In and As mole fraction. The black and red arrow indicate the mole fraction used in RTD 2 and RTD 3,

respectively.

Figure 2: High-resolution X-ray diffraction (HR-XRD) spectra of RTD 1 (in a), RTD 2 (in b) and RTD 3 (in c).
Experimental data is shown as solid black line and the simulated spectra are shown as solid green line. The HR-XRD spectra
are centered at the GaSb substrate peak at Aw = 0°. For RTD 2 and RTD 3, tensile and compressive strain secondary

patterns arise at smaller and higher angles, respectively.

Figure 3: Current density-voltage characteristics measured at room temperature (T = 300 K, red) and atT = 77 K
(blue) for the three RTD samples: (a) RTD 1 reference sample. (b) RTD 2 with Gag g4Ing 16Sb prewell and quantum well. The
inset shows the current-density for negative bias voltages (bulk injection). (c) RTD 3 with GaAs sSby o5 prewell and quantum

wells.

Figure 4: Resonance (black spheres) and valley current (red spheres) as a function of diode area for RTD 2 (in (a)) and
RTD 3 (in (b)). From the slope of the linear fit functions, the ideal peak-to-valley current ratios of large scale diodes can be

calculated.
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