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Mid-infrared (MIR) resonant tunneling diode (RTD) photodetectors based on a p-type doped
AlAsSb/GaSbh double barrier quantum well (DBQW) RTD are proposed and experimentally
investigated for their optoelectronic transport properties. At room temperature, a distinct
resonant tunneling current with a pronounced region of negative differential conductance
(NDC) is measured. The peak-to-valley current ratio is PVCR = 1.51 . To provide
photosensitivity within the MIR spectral region, a lattice-matched quaternary low-bandgap
GalnAsSb absorption layer with a cut-off wavelength of 2 = 2.77 um is integrated near the
DBQW. Under illumination with infrared light, photogenerated minority electrons within the
absorption layer can drift towards the DBQW, where they accumulate and cause a shift of the
RTD current-voltage characteristics towards smaller bias voltages. The hole resonant tunneling
current is modulated by optically generated electrons, which can be exploited to measure the
incident MIR light power. In a tunable diode laser absorption spectroscopy experiment the RTD

photodetector is used to identify three distinct water absorption lines in the MIR close to A =
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2.61 um. By adjusting the absorption layer doping concentration, the RTD quantum efficiency
can be increased by a factor of 10 resulting in a sensitivity of S =2.71 AW, which

corresponds to an estimated multiplication factor of M = 8.6.

1. Introduction

Resonant tunneling diodes are versatile optoelectronic devices with a multitude of possible
applications*®! ranging from fundamental research of noise correlations,* high-speed
oscillators with operation frequencies in the THz regime,[”® and novel neuromorphic
computation schemes*® to highly-sensitive measurement devices of physical quantities such
as strain,*? temperature,* or light.l*4-6]

In a recent publication, we proposed to apply the RTD photodetector principle to the mid-
infrared (MIR) spectral region, by combining an antimony-based AlSb/GaSbh double barrier
quantum well DBQW resonant tunnelling structure (RTS) with an narrow bandgap absorption
region.[*’l Hereby, the RTD serves as an internal high-gain amplifier of small optically
generated electrical signals. In contrast to, e.g. avalanche photodiodes where the gain is
provided via impact ionization processes, the gain of RTD photodetectors originates from the
modulation of a larger majority charge carrier tunnelling current that is sensitive to small
variations of the local electrostatic potential.

The so called 6.1 A family,[*® which is comprised of the three semiconductors InAs, GaSb, and
AlISb offers a huge flexibility in designing electronic, optical and optoelectronic devices,**!
such as topological insulators,?>%1 optical MIR type-11 superlattice photodetectors,?* and
quantum cascade lasers (QCL),[?>?71 or interband cascade lasers (ICL),[?"3! and interband
cascade detectors (ICD).B23IThis flexibility can mainly be attributed to the huge variety of
band line-ups, bandgap energies and in particular the so called InAs/GaSb type-I1 broken
bandgap alignment. While the InAs/GaSh/AISb material system has also brought forth a large

variety of different resonant tunnelling structures, 83435 only AIAsSb/GaSb RTDs provide
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the required energy barriers in both valence and conduction band due to the type-I
heterointerface.l®2% In another recent publication, we demonstrated that room temperature
resonant tunnelling of electrons in AIAsSb/GaSb RTDs requires the use of emitter prewells. -
42l Here, we propose to invert the charge carrier polarity within the RTD photodetector, i.e.

using p-type instead of n-type doping.

Using p-type doping in an RTD photodetector, and therefore hole instead of electron transport,
might seem counterintuitive at first, since hole transport usually comes with several
disadvantages. Due to their higher effective mass, holes have a lower mobility and a smaller De
Broglie-wavelength compared to electrons.[*31 A lower mobility results in inferior transport
properties, a smaller De Broglie-wavelength demands a higher quality semiconductor crystal
growth. However, and in particular for the GaSh material system, p-type doping may also offer
several advantages: (i)Fermi-level pinning slightly above the valence band (VB), and the semi-
metallic broken-bandgap InAs/GaSh interface allow for almost ideal Ohmic contacts.[*4*°! (ii)
GaSb already is intrinsically p-type doped with concentrations as high as p < 107 cm3, 146471
In contrast to electrons in the conduction band (CB), holes remain at the I'-point even at elevated
temperatures,’l making the otherwise required additional emitter prewell structures for room
temperature operation no longer necessary.[“?! (iii) A larger CB compared to VB offset of the
absorption layer reduces a potential source of noise due to impact ionization and provides better

confinement of photogenerated minority charge carriers (electrons).

Here, we present a detailed study on p-type doped AlAsSbh/GaSb DBQW resonant tunneling
diode photodetectors. Room temperature resonant tunneling of holes is observed with a peak-
to-valley current ratio of up to PVCR = 1.51. By adding a lattice-matched and low-bandgap
GalnAsSb absorption layer, photosensitivity within the mid-infrared (MIR) spectral region up

to a cut-off wavelength of 2.77 um is achieved and multiplication factors of M = 8.6 is shown.
3
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2. Experimental Results
2.1. Sample Growth and Fabrication
The investigated samples are grown by molecular beam epitaxy (MBE) on a p-type Be-doped

GaSb (100) substrate. After oxide desorption under Sb-stabilization flux at a substrate
temperature of T = 580 °C, MBE growth starts. The first sample RTD-p1 begins with 300 nhm
of p-type doped GaSb with p = 1.5 x 108 cm™3, followed by 20 nm of GaSh with a reduced
doping concentration of p = 0.2 x 108 cm™. Subsequently, the undoped resonant tunneling
structure is grown, starting with 20 nm GaSb followed by two 4 nm wide lattice-matched
AlAso.1Shog barriers sandwiching a 3 nm wide GaSb quantum well. The RTS is capped by
15nm GaSb and followed by 260 nm of the lattice-matched quaternary compound
semiconductor Gao.761no.24AS0.20Sho.so. The first 30 nm of the absorption layer are left undoped,
whereas the following 230 nm are doped with p = 0.2 x 108 cm™. The growth is completed
with a 300 nm thick GaSb layer with p = 1.5 x 108 cm3,

The reference sample RTD-p2 is largely identical to the sample described before, except for its
completely undoped absorption region.

The doping profiles are examined and confirmed by time-of-flight secondary ion mass
spectroscopy (TOF-SIMS). MBE growth rates and the thicknesses of the different
semiconductor layer structures are examined and confirmed by cross-sectional scanning
electron microscopy (SEM). Figure 1 (a) and (b) show SEM images of the layer structure of

the grown RTD sample. Dark contrast represents higher Al concentrations, which allows for

identifying width and position of the AIAsSb DBQW. The SEM-image-indicates-good-crystal
guahity-with-ne-apparent-dislocations-or-defects: To illustrate the p-type RTD photodetection

mechanism, the SEM images of Figure 1 (a) and (b) are overlain by the conduction (CB) and
valence band (VB) profiles for an applied bias voltage of V = —0.5 V. Simulations of the CB

and VB profiles are carried out using the nextnano simulation tool.*] The CB profile is shown
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as solid green line and the VB profile as solid red line. The AlAso.1Sbo.g double barrier height
of AE, = 0.49 eV is calculated assuming a VB bowing parameter of zero. Please note that the
composition-dependent material parameters of AIAsSb are not very well-researched and the
actual barrier height might differ from the one we have calculated. When a negative bias voltage
is applied to the top contact of the RTD, holes can tunnel resonantly via the first quantized
heavy or light hole state of the DBQW RTD and are emitted from the GaShb substrate side.
When the RTD is illuminated and the photon energy is greater than the bandgap energy of the
narrow bandgap absorption region, electron-hole pairs will be excited under photon absorption.
Photogenerated holes drift together with the conventional majority charge carriers towards the
top contact due to the applied electrical field. The minority photogenerated electrons are
captured for accumulation in the vicinity of the resonant tunneling structure. Due to their
presence, the local electrical field is enhanced and the current-voltage characteristic shifts
towards smaller voltages. This mechanism is similar to that in a phototransistor, and hence a
minority of photogenerated electrons can modulate a larger resonant tunneling current of holes.
Because in GalnAsSb the bandgap reduction happens almost exclusively in the CB, the
antimonide system is especially apt for accumulation of electrons instead of holes.

After the growth process, circular RTD mesa structures with diameters from d = 2 pm up to
d = 14 um are defined by optical lithography. The structure transfer is done via a dry-chemical
etching process. The etching depth is about 50 nm below the DBQW. The polymer
BenzoCycloButene (BCB) is used for sidewall passivation. On the substrate side, an
AuGe/Ni/Au contact is evaporated. On top of the RTD mesa structures, Ti/Au ring-shaped
contacts are deposited. Figure 1 (c) shows a colored SEM image of the RTD mesa structure and
the ring-shaped contact. The overlap between mesa and metal contact is clearly visible, as well
as the open inner cut-out. This design allows for good electrical contact while simultaneously
guaranteeing optical access. Besides the ring-shaped contact design alternative designs such as

plasmonic hole arrays exist.[*’]
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2.2. Optical Characterization

The optical characteristics of the narrow-bandgap absorption layer are probed by Fourier-
transform infrared (FTIR) photoluminescence (PL) spectroscopy. The PL spectrum was
measured at a temperature of T = 20 °C, which corresponds to a thermal energy of kzT = 25
meV, where kg is Boltzmann’s constant. The normalized PL spectrum is shown in Figure 2 (a).
The PL emission peak is located at an energy of Ep., = 0.47 eV, which corresponds to a
wavelength of Ap.,x = 2.64 um. The full width at half maximum is FHWM =~ 50 meV and
hence is 2 - kzT. Because the PL spectrum is measured in ambient air, it is subject to water
absorption lines, which are centered around Apgqp-

The high-energy side of the spectrum follows Boltzmann’s distribution function (light blue line,
o« exp(—hv/(kgT)), where h is Planck’s constant and v the photon frequency). The charge
carriers are thermalized at the ambient temperature of T =20 °C.
On the low-energy side, the PL spectrum is determined by Urbach’s rule, which states that due
to the formation of bandtails photons with an energy lower than the bandgap energy (hv <
Egqp) can also be absorbed or emitted. The intensity of absorption or emission, respectively, is
« exp(hv/Ey), with the Urbach-parameter E;;.5%% The Urbach-parameter is a measure of
structural and thermal disorder within the semiconductor material. From the fit function (see
dashed red line, Figure 2 (a)), an Urbach-parameter of E; = 10 meV is extracted. This
compares well with previously reported values between E; =5 meV up to 10 meV for
GalnAsSb grown by liquid phase epitaxy.®? For comparison, the typical room temperature
value for undoped GaAs is Eygqas = 7.5 meV and Si-doping with n = 2.0 x 10*8 will
increase that value up to 13 meV.[

The position of the PL maximum is poorly suited to determine the bandgap energy. Urbach’s

rule describes the spectrum below the bandgap energy. The bandgap energy E; =
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(447 £+ 5) meV is therefore determined by the point at which the PL spectrum deviates from
the Urbach fit function as indicated by the orange arrow in Figure 2 (a). E; corresponds to a
cut-off wavelength of A, = (2.77 + 0.04) pm.

Egap can furthermore be used to confirm the molar composition of the quaternary absorption
layer. The condition for lattice-matched growth of GalnAsSb on GaSb is given by
(GaSh)x(InAso.91Sbo.09)1-x.*1 Figure 2 (b) shows the bandgap energy as a function of x. The
plotted data points (black spheres) are taken from Shim,[ whereas the black line shows the
cubic interpolation. The orange arrow indicates the bandgap energy as extracted from the PL
spectrum and marks the position of x = 0.76, which confirms the grown composition of

Gao.761N0.24AS0.20Sh0.80.

2.3. Optoelectronic Transport Characterization
2.3.1. Resonant Tunneling of Holes and Proof of Concept

To investigate the optoelectronic transport characteristics of the p-type doped RTD
photodetector, the current-voltage (I1(V)) characteristics of a diode with diameter d = 12 pm
are measured in the dark and under excitation with laser light of the wavelength 4 = 1.30 pm.

All measurements are taken at room temperature.

Figure 3 shows the I(V)-characteristic in the dark (black) and under illumination (red) for
positive and negative bias voltages and an incident light power of P < 0.7 mW. The resulting
photocurrent-voltage characteristic (blue) is given by subtracting the 1(\V)-characteristic in the

dark from the I(\V)-characteristics under illumination, Ip, (V) = I;;;, (V) — Ljgre (V).

The 1(V)-characteristic is symmetrical and at bias voltages of V = —2.18 Vand V = 1.62 V,
two distinct resonance currents of I, = —1.18 mA and I,..; = 1.39 mA followed by a region

of negative differential conductance (NDC) can be observed. The corresponding peak-to-valley
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current ratios are PVCR = 1.52 and PVCR = 1.40, respectively. The resonance currents can
be ascribed to resonant tunneling of holes via the first quantized light hole state of the double
barrier quantum well. The symmetric 1(V)-characteristics can be ascribed to a symmetric VB
profile (see Figure 1 (a) and (b)). The peak-to-valley current ratios are comparable to those
observed in n-type AlAsSb/GaSh RTDs with ternary prewell emitters, which indicates high-
quality crystal growth of the investigated diodes.[*)l From further experimental studies of
various RTDs with different diameters and temperatures, we can conclude that the fabrication
and growth process provide an excellent yield and reproducibility (uniformity of the current
density and resonance voltage position, no apparent sidewall leakage).

Ipn (V) is an asymmetric function of V. For positive bias voltages, Ip;, is strongly reduced
compared to negative bias voltages. The asymmetry of Ip,(V) can be ascribed to the
asymmetric semiconductor heterostructure with its low-bandgap absorption layer located at the
top-side of the DBQW only (see Figure 1 (a) and (b)). It is a strong indicator of modulation of
the resonant tunneling current due to charge carrier accumulation. Accumulation of
photogenerated minority charge carriers (electrons) close to the DBQW occurs for negative bias
voltages only. Due to the photon energy of hv = 0.95 eV, photon absorption and subsequent
generation of electron hole pairs is also present outside the absorption layer within the GaSb
emitter and collector regions. Thus, for positive bias voltages a non-zero photocurrent is
measured. For larger negative bias voltages, the photocurrent increases, until a local maximum
of Ip;, = 250 YA is reached at V = —1.05 V. Further increasing of the reverse bias voltage
leads to a drop of the photocurrent, which is ascribed to a reduced lifetime of photogenerated

minority charge carriers.[555]

The p-type doped RTD photodetector is then excited with an MIR single-mode semiconductor

diode laser from nanoplus. The laser emits at the wavelength of A = 2.6 um and can be used
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for tunable diode laser absorption spectroscopy of water vapor. The laser is collimated by
default and focused on the sample with a lens with a focal length of f = 2.0 cm.

To determine the fraction of the light power incident on the RTDs optical window, the RTD is
operated at a constant voltage of V = —0.8 V and the photocurrent is measured, while the RTD
is moved across the image plane (perpendicular to the optical axis) using piezo-stages. The
minimum step size of the piezo stages is 100 nm. The resulting beam profile of the laser with
the RTD in focus is shown in Figure 4 (a) as black spheres. The optically active area of the
RTD is determined by scanning electron microscopy (see inset in Figure 4 (a)). The diameter
of the ring-shaped contact optical window is d = 8.14 um. Hence, the optical aperture is
sufficiently small not to influence the measured beam profile. The photocurrent is directly
proportional to the incident light power in the range of the irradiated intensities. Hence, the
measured photocurrent reflects the actual beam profile. An extrapolation of the beam profile in
polar coordinates and subsequent integration results in a fraction of maximal 5.8 % of the laser
power being incident on the optical aperture.

After focusing the laser beam maximum on the sample, the 1(\V)-characteristics are measured
again in the dark and under illumination (see Figure 4 (b)). The laser is operated at a constant
temperature of T = 30 °C and at a constant current I;, = 115 mA, which corresponds to an
incident light power of P = 180 UW on the ring contact’s optical aperture. An extrinsic current
bistability is observed with the threshold voltages of V;; = —3.31 Vand V,, = —3.10 V. The
bistability is caused by the load resistance of R = 1.0 kQ.

When illuminated, the I(V)-characteristic shifts towards higher voltages (smaller absolute
values of the reverse bias). The shift of the I1(\V/)-characteristic can be ascribed to Coulomb
interaction with accumulated photogenerated electrons.

Figure 4 (c) shows the photocurrent-voltage characteristics. For positive bias voltages, Ip, is

slightly above zero. In contrast to illumination with light of the wavelength of A = 1.3 pm,
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absorption is only present within the absorption layer. As a result, the photocurrent component
for positive bias almost vanishes completely. The marginal residual component can be
attributed to heating of the sample which inevitably occurs at incident light powers in the range
of hundreds of uW.

For negative bias voltages, Ip;, initially rises to higher absolute values. A quantum efficiency
threshold voltage cannot be observed. Due to the low VB discontinuity between GalnAsSb and
GaSb (see Figure 1), the formation of a built-in potential preventing electron accumulation at
the RTS is negligible. A local maximum of the absolute photocurrent of Ip;, = —24 pA is
reached atat V = —1.1 V. This corresponds to a sensitivity of S = 0.13 AW, After exceeding
the local maximum, the absolute value of Ip;, continuously decreases and approaches zero. The
measured 1(V)-characteristics is distinctive for RTD photodetectors with a lower-bandgap
energy absorption layer and for the modulation of a (resonant tunneling) current via Coulomb
interaction.[1455-5

To demonstrate the capability of the p-type doped AlAsSb/GaSh RTD photodetector for optical
molecule and gas spectroscopy, a TDLAS experiment on water vapor is performed. Figure 5
(a) shows the absorption spectrum of water vapor at a temperature of T = 25 °C within the
spectral region at about A = 2.6 um. Three absorption lines are apparent within the spectral
window at A = 2.6035 pum, 2.6042 pm, 2.6056 um, and 2.6076 um. In the experiment, the
RTD is excited with the wavelength-tunable diode laser. Increasing the laser current I, , not
only increases the output, it also leads to an increased internal Joule heating within the laser,
which is accompanied by a red-shift of the laser emission wavelength.

The RTD is operated at a constant voltage of V = —0.8 V and I, is measured as a function of
the incident light power P. Figure 5 (b) shows the absolute photocurrent I, as a function of
the incident laser emission power on the optical aperture. Ip, increases linearly with increasing

P. When the emission wavelength crosses a water absorption line, the measured power drops

10
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and distinct minima of the photocurrent can be observed that correspond to water absorption
lines. For a known absorption coefficient « and distance covered by the laser light, the
molecular concentration of the examined gas (here H>O) can be determined by Lambert-Beer’s
law.

The measured sensitivity of S = 0.13 A W seems unexpectedly low (see Figure 4 (c)). The
sensitivity of RTD photodetectors is primarily determined by the RTD quantum efficiency ngrp.,
the lifetime of photogenerated minority charge carriers 7.°%%1 Particularly with the high
electron confinement potential, one would expect large electron lifetimes and associated
sensitivities. In the following part, we demonstrate, how ngrp and therefore the sensitivity S
can be enhanced by carefully engineering the absorption layer doping profile. This study is
achieved by a comparison of the optoelectronic transport properties of RTD-pl and the
reference sample with undoped absorption region RTD-p2.

Figure 6 shows a comparison between the current density-voltage (j(\V)) characteristic RTD-p1
(black) and RTD-p2 (red dashed line). The current density of RTD-p2 is enhanced by a factor
of about two compared to RTD-pl, which can be attributed to slightly thinner barriers or a
slightly reduced As concentration of the AIAsSb barrier. Both j(V)-characteristics are
comparable and show pronounced resonance currents for both, positive and negative bias
voltages. For negative bias voltages, the resonance position of RTD-p2 is shifted by AV = 3.1
V, from Vges = —2.3 V10 Vzes = —5.4 V compared to RTD-pl. The resonance current density
iS jres = —20.8 WA um2 and the corresponding peak-to-valley current ratio is PVCR = 1.51.
In contrast, for positive bias voltages, the resonance voltage is only slightly shifted towards
higher voltages by AV = 0.6 V. The shift of the resonance current voltage is due to the altered
doping profile of RTD-p2. The upper inset in Figure 6 shows numerical simulations of the VB
profile for increasing absorption layer doping concentrations of the upper 230 nm from intrinsic

to p = 4.0 x 107 cm. Lower doping concentrations result in a larger voltage drop across the

11
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complete absorption layer. Hence, the RTD leverage factor is reduced. The parallel course of
the j(\V)-characteristics on the log-log scale (see lower right inset) confirms that the shift of the
resonance voltage is due to a lower RTD leverage factor ng;p. The RTD leverage factor is a
figure of merit that quantifies how strong the applied bias voltage shifts the resonant tunneling
energy level. ngyrp can be significantly stretched out due to band bending, especially when the
collector spacer layer is large and the doping concentration is low.[®! The variation of the RTD
leverage factor can be determined from the quotient of the resonance voltages to be ngrp.p, =
0.42 - ngrp_p1, With ngrp_,, being the RTD leverage factor of RTD-p2 and ngrp.p; being the
RTD leverage factor of RTD-p1.

The reduction of ngyp for decreasing doping of the absorption layer only occurs for negative
voltages, i.e. in case of depletion. For positive bias voltages, holes are injected from the Au
ring-shaped contact from where they drift within the applied electric field until they accumulate
at the DBQW. The accumulated hole population at the DBQW then causes flat-band conditions
within the absorption layer and hence the leverage factor remains unaffected.

To study the influence of the reduced absorption layer doping on the RTD photosensitivity,
RTD-p2 is excited with a laser of the wavelength A = 2.61 um analogous to RTD-pl1.

Figure 7 shows the I(V)-characteristics for negative voltages measured in the dark (black) and
under illumination (red). The incident power is P = 180 pW. Under illumination, a well
pronounced modulation of the I(V)-characteristic is apparent. 1,4, (V) is shifted to smaller
absolute voltage values when illuminated. In comparison to RTD-pl, the modulation of the
resonant tunneling current under illumination is significantly enhanced, which results in an
increased photocurrent. The photocurrent-voltage (Ip,(V)-) characteristic is also shown in
Figure 7 (blue). Ip, (V) shows two local extrema of Ip, = —488 pA at V = —2.18 V and
Ipy, = 620 PA within the NDC region at V = —5.7 V. The photocurrent extrema correspond to

sensitivities of S = 2.71 AW?tand S = 3.45 A W, respectively. Compared with RTD-p1, the

12
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sensitivity is enhanced by a factor of 21. Approximately half of this is due to current density
that is increased by a factor of 2. Therefore, the remaining factor of about 10 can be attributed
to an increase of the RTD quantum efficiency.

By reducing the doping concentration of the upper 230 nm of the GalnAsSh absorption layer,
flat band conditions are prevented. As a result, photogenerated electrons are captured
effectively by the external field and drift towards the DBQW.
The RTD multiplication factor M = 8.6 can then be estimated via S = M - ngrp - Ry, with the
spectral responsivity at A = 2.61 pm R; = 2.10 A WL, The RTD quantum efficiency of
nrrp = 0.15 is calculated for normal incidence considering an absorption coefficient of @ =
1 x 10* cm™ and only reflection at the air/semiconductor interface as loss factor.[62 The
amplification is therefore about double the gain observed in interband cascade

photodetectors.[®]

3. Conclusion

A novel photodetector concept that provides gain at relatively small operating voltages is
proposed, demonstrated, and examined. The investigated samples are based on p-type doped
AlAsSb/GaSbh DBQW RTDs with an integrated quaternary GalnAsSbh absorption layer. The
investigated RTD photodetectors show a pronounced photosensitivity to illumination with MIR
light and can therefore be used for molecule and gas sensing applications based on absorption
spectroscopy. The photocurrent-voltage characteristic confirms that the photosensitivity within
the p-type doped RTD photodetectors is due to the modulation of a resonant hole tunneling
current via the Coulomb interaction by accumulated photogenerated minority charge carriers
(electrons).

Sensitivities of S = 0.13 A W are observed. The sensitivity can be further enhanced upto S =
2.71 A W by an optimized absorption layer doping profile. The optimized doping profile

results in an increased quantum efficiency at the cost of a reduced RTD leverage factor. We

13
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expect that the multiplication factor can be enhanced by at least one order of magnitude by
reducing the buffer layer thickness from 15 nm to 1 nm.
In a demonstration experiment, gas absorption spectroscopy of water vapor is conducted at

three consecutive water absorption lines using the RTD as MIR photodetector.

In conclusion, we have demonstrated room temperature resonant tunneling of holes in a
GaSb/AlAsSb double barrier quantum well resonant tunneling structure and studied its
transport characteristics across a broad temperature range. This structure is an important
building block for mid-infrared optoelectronic devices such as interband cascade lasers and
interband cascade detectors. Compared to n-type doped DBQW resonant tunneling structures,
p-typed doped diodes show an enhanced peak-to-valley current ratio at cryogenic temperatures
and room temperature. Besides the enhanced transport characteristics, p-type GaSb-based
resonant tunneling diodes provide the following additional advantages over electron transport:
GasSb is intrinsically p-type doped; the mobilities of electrons and holes are comparable; when
deployed in the RTD photodetector scheme, the RTS can be easily integrated together with a
lattice-matched narrow bandgap GalnAsSb semiconductor, or InAs/GaSh superlattice; since
the band-offset almost exclusively takes place, photogenerated minority charge carriers can be
captured for accumulation more efficiently and noise due to impact ionization processes will
be reduced.
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Figure 1. Sample design and illustration of the operation principle of a p-type doped RTD
photodetector. Simulations and electron microscopy images are from sample RTD-pl. (a)
Simulated conduction band (CB, green) and valence band (VB, red) profiles for an applied bias
voltage of V = —0.5 V. CB and VB profiles are underlaid with a cross-sectional scanning
electron microscopy (SEM) image of semiconductor layer structure. (b) High-resolution SEM
image of the resonant tunneling structure. (c) Colored SEM image of the RTD mesa structure
and Au-ring shaped contact.
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Figure 2. (a) Fourier-transform infrared (FTIR) photoluminescence (PL) spectrum of the
studied RTD, measured at a temperature of T = 20 °C. From the low-energy side increase, an
Urbach-parameter of E;; = 10 meV is extracted. The high-energy side decay is determined by
a Boltzmann’s distribution (solid blue line). The bandgap energy of E;,, = (447 £ 5) meV is
indicated by the orange arrow. The dashed red line represents Urbach’s band-tail. (b) Bandgap
energy versus composition of the quaternary GalnAsSb lattice-matched to GaSb after Shim. 541,
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Figure 3. I(V)-characteristic of RTD-p1 for a diode with diameter d = 12 pum measured in the
dark (black) and under illumination with laser light of the wavelength A = 1.30 um (red). The
incident light power is P < 0.7 mW. The corresponding photocurrent-voltage relation I, (V)
is shown in blue. The asymmetric photocurrent-voltage characteristic is a clear indicator for
accumulation of photogenerated minority charge carriers at the RTS.
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Figure 4. Mid-infrared photoresponse at room temperature for illumination with a mono-mode
diode laser of the wavelength A = 2.606 um. (a) Cross-section of the laser intensity profile
given by the photocurrent (black spheres) as a function of diode position. The inset shows a
colored SEM image of an RTD mesa structure with diameter of nominally d = 12 pm and Au-
ring shaped contact. The optically accessible area has a diameter of d = 8.14 um. From the
best fit function (red dashed line) of the convolution, the fraction of light power incident on the
RTD is calculated to be about 5.8 %. (b) I(\V)-characteristics in the dark (black) and under
illumination with A = 2.606 um and P = 180 uW. The bistability is due to a series resistance
of R = 1.0 kQ. (c) Photocurrent-voltage characteristics I, (V) for an incident light power of
P = 180 pW. Only for negative bias voltages, photogenerated electrons can accumulate in the
vicinity of the RTS and modulate the tunneling current via Coulomb interaction.
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Figure 5: (a) Water absorption spectrum at T = 25 °C at around 2.61 pum. The data is taken
from the HITRAN database.l® (b) Absolute photocurrent as a function of the laser output
power incident on the optical aperture of the Au-ring shaped contact. The output power is tuned
via the diode current. Due to Joule heating, the emission wavelength undergoes a red-shift with
increasing output power. When the emission wavelength crosses a water absorption line, a drop
in the photocurrent is observed. These local minima are indicated by black arrows.
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Figure 6. Current density-voltage (j(\V)-) characteristics of the p-type doped RTD photodetector
for two different doping concentrations of the GalnAsSb absorption layer. The j(V)-
characteristic of RTD-p1 is shown as solid black line and is multiplied by a factor of two. The
J(V)-characteristic of RTD-p2 is shown as dashed red line. The first inset in the upper middle
of the figure shows the simulated VB profile for increasing doping concentrations of the
GalnAsSb absorption layer from intrinsic to p = 4.0 x 107 cm. The second inset in the lower
right shows the j(V)-characteristic for negative bias voltages on the log-log scale. The

comparison demonstrates that the shift of the resonance with lower doping of the absorption
layer can be attributed to a lower RTD leverage factor.
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Figure 7: 1(V)-characteristics of RTD-p2 taken in the dark (black) and under illumination with
laser light of the wavelength A = 2.61 um and an incident light power of P = 180 pW. Under
illumination the 1(V)-characteristic shifts towards smaller voltages, which causes a
photocurrent to arise. The photocurrent-voltage I, (V)is shown as blue spheres. Compared to
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Antimony-based resonant tunneling diodes (RTDs) are a promising alternative for mid-
infrared (MIR) photodetectors with gain at considerably low operation voltages. Their
capability is demonstrated in a tunable diode laser absorption spectroscopy (TDLAS)
experiment. The possibility to exploit hole transport by p-type doping provides further
advantages and can also be applied to alternative material systems such as GaAs or InP.
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Figure S1. Normalized photoluminescence (red) taken at T = 20 °C and water absorption
linesat T = 25 °C. The water absorption lines are reproduced from datasets of the HITRAN
database.[%41 The absorption lines of the HITRAN absorption spectrum are slightly red-shifted
compared to the PL spectrum, which is due to its slightly elevated temperature.
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