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Abstract: An InGaAsSb p-B-n structure has been designed and characterised for zero bias
low power detection applications. Devices were grown by molecular beam epitaxy and
fabricated into quasi-planar photodiodes with a 2.25 um cut-off wavelength. Maximum
responsivity was measured to be 1.05 A/W at 2.0 pum, achieved at zero bias. D* of
9.4 x 10'° Jones was determined from room temperature spectra of noise power measurements
with calculated D* remaining >1 x 10° Jones up to 380 K. With a view to simple miniaturised
detection and measurement of low concentration biomarkers, optical powers down to 40 pW
were detected, without temperature stabilisation or phase-sensitive detection, indicating the
photodiode’s potential.

© 2023 Optica Publishing Group under the terms of the Optica Publishing Group Open Access Publishing
Agreement

1. Introduction

Beyond the cut-off wavelength of IngssGags7As and GaSb at ~1.7 um, a host of
environmentally and socially impactful substances exhibit absorption peaks, including glucose,
acetone and carbon dioxide, relevant to diabetes management, cancer detection and
environmental monitoring respectively. Useful sensing applications of such substances require
accurate detection of small concentrations and hence high sensitivity photodetectors. Of
particular interest is the expansion of commercial electronics applications such as wearable
blood glucose monitors where in a healthy person glucose typically ranges from 4 mmol/L to
7 mmol/L and is as high as 20 mmol/L in diabetics [1]. In order to evaluate capability for such
applications, detectors need to be assessed within the regime of low optical power resolution
and hence low noise.

GaSb substrates can accommodate lattice matched epilayers exhibiting cut-off wavelengths
from the near to the longwave infrared. For detectors in the mid and longwave infrared GaSh
is rapidly becoming the dominant substrate, however currently to detect wavelengths between
1.7 umand 2.6 um, lattice-mismatched InGaAs photodiodes grown on InP are commonly used.
Relaxation associated with the metamorphic growth produces defects, reducing the potential
performance. InGaAsSbh allows for a composition-tuned cut-off wavelength up to
approximately 2.6 pm, whilst avoiding the Ga rich limit of the miscibility gap and maintaining
lattice matching to GaSbh, to avoid relaxation related defects. Hence, there is potential for
InGaAsSb to facilitate GaSbh becoming a one-stop substrate of choice for IR detectors operating
beyond silicon’s cut-off wavelength. Moreover, GaSh can easily be grown on GaAs substrates
via an interfacial misfit array layer, and substantial progress has been made on buffers to
growing GaSb directly onto silicon substrates, expanding commercial options [2,3]. InGaAsSb
shortwave infrared detectors are currently being reported with both p-i-n and nBn device
structures [4,5].
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This work presents a p-B-n Ing.14Gao.esAs0.1Sbo.g photodiode with a quasi-planar structure
and cut-off wavelength of 2.25 pm. The built-in field from the p-n junction allows room
temperature operation at 0 V, while the barrier and quasi-planar structure helps to reduce
leakage. Together these characteristics make the p-B-n architecture desirable for certain
industry applications. Even accounting for the small valence band offset (VBO) calculated to
be ~20 meV it operates at 0 V. More Shockley—Read-Hall processes and thus leakage is
expected than in a traditional nBn. Work from Nong Li et al. has shown that under a small
applied bias of -50 mV, non-planar p-B-n photodiodes in this material have improved leakage
over nBn photodiodes despite an inbuilt field [6]. Planar photovoltaic devices typically require
diffusion or implantation whereas this work uses only a simple shallow etch and appropriate
epitaxial doping concentrations. The quasi-planar nature eases fabrication, produces reliable
devices without an exposed junction and produces a near-level surface to further fabricate on.
The photodiodes in this work show comparable D* to commercially available extended InGaAs
detectors, despite being in their infancy in terms of material optimisation.

2. Growth and sample design

The structure shown in the inset of Fig. 1 (a) was grown by molecular beam epitaxy on an n-
GaSb substrate, designed in a front illuminated configuration. Photodiodes of circular shape
and 280 um diameter were fabricated using standard photolithography and wet-etching
techniques with Ti/Au metallisation. The optical window is formed of an area of 46500 pm?
excluding the top contact area. The shallow device mesa was defined just to the barrier and the
common contact was deposited at a depth of ~400 nm into the absorber. An additional
photodiode array was fabricated with SizsN4 deposited as a passivation and anti-reflection layer
which covered the whole surface with exception to the contact area. Leakage current
measurements were performed in the dark using a Lakeshore TTPX probe station, with
Keithley 2400 and 6430 source meters. An Agilent E4980A LCR meter was used to carry out
capacitance-voltage measurements. Spectral response was conducted using both a Bruker V70
FTIR spectrometer and a Bentham PVE300 monochromator system with a flood-illuminated
measurement set up. Noise power spectra were measured using an Agilent 35670A dynamic
signal analyser.

The epi-structure growth commenced with a GaSh buffer and an Ing.14Gao ssAS0.1Sho.g n-
cladding layer, lattice matched to GaSh, followed by a 2.0 um thick n-Ing14Gao.ssAS0.1Sho.g
absorber layer with tellurium used as the n-type dopant. A low doped p-Alo2GagsSh layer
provides the 60 nm barrier, finally a 200 nm p-GaSb layer aids ohmic contacting and caps the
structure with optical transparency, with beryllium used as the p-type dopant. The dopant was
chosen by the electric field simulations in Fig.1 (b). The non-lattice matched barrier layer is
within the critical thickness defined by the Matthews and Blakeslee model [7].

The band structure, shown in Fig. 1 (a), was simulated using nextnano with band parameters
from Vurgaftman et al. [8,9]. The aluminium percentage was selected to achieve a minimal
offset in the valence band between InGaAsSh and AlGaSb, calculated to be 20 meV, promoting
hole conduction, with the conduction band offset of 180 meV between the GaSh and AlGaSh
layers reducing electron conduction. Capacitance-voltage measurements were carried out and
the depletion width found through simulation. The simulation parameters included thicknesses
and dopant concentrations verified by SIMS measurements, permittivity’s were taken from the
literature where available or calculated using Vegard’s law [10]. In Fig. 1 (a) the shaded regions
within the band structure indicate the depletion region around the type junction at zero bias, the
p-type barrier is fully depleted, the n-type side is depleted up to 24 nm. Thus, this structure is
heavily reliant on diffusion rather than drift, for collection of photogenerated holes from the
absorber. The hole diffusion length in InGaAsSbh was reported by Craig et al. to be ~11 pm at
room temperature [11].
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Optical transmission through the structure was calculated using an absorption coefficient of
6800 cm™! at 2.1 um for Ing14GaossAso1Shoo, based on characterisation of single
INo.14Ga0.86AS0.1Shoo epilayers. For other materials literature values were used. The absorber
absorbs ~ 77 % of light at a wavelength of 2.1 um and ~85 % of light at a wavelength of
1.55 pm.
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Fig. 1. (a) Band structure (black lines) modelled at 0 V is shown on the left axis, with the Fermi
level (dashed). The growth direction is from right to left and layer interfaces are indicated (green
dotted). Note the broken x-axis and change in scale either side. The calculated depletion width
either side of the junction is shown by shading within the band structure. Absorption of 2.1 um
light through the structure (red line) is shown on the right axis. Inset shows the epilayer structure
and the device physically separated from the lower contact. (b) Simulated electric field
magnitude; x and y (growth direction) indicate spatial dimensions, dashed lines represent the
boundary of the barrier, solid line represents the mesa outline. (i) Barrier doping concentration
of 1x 10 cm~3 showing no significant lateral field spreading. (ii) Barrier doping concentration
of 1 x 1017 cm™3, showing deleterious lateral field spreading.

A 2D electric field around the junction was simulated using nextnano through evaluation of
Poisson’s equation, the lateral spreading of the electric field within the barrier was sensitive to
doping concentration, as shown in Fig. 1(b). In this work the barrier doping is sufficiently low
to supress spreading and essentially confine the field to the mesa area and thus allow for a
successful implementation of the quasi-planar architecture. Suppression of lateral carrier
collection and hence crosstalk, was confirmed by a measurement of position dependent
photocurrent, induced by a laser. The illumination spot was scanned from the mesa top to the
barrier and accounting for the intensity distribution of the spot, the lateral carrier collection
length was found to be 3 um. If the barrier doping was increased, the field would spread beyond
the mesa area, increasing the carrier collection volume and risking crosstalk. Such higher
barrier doping would necessitate a deep mesa etch to isolate individual photodiodes.

3. Electrical characterisation

Leakage current density within a temperature range of 77 K - 360 K is shown in Fig. 2 (b);
measured using an IR shielded probe station. Temperatures above room temperature were
considered to reflect standard operating temperature ranges for consumer electronic devices.
Below 240 K the leakage current at near zero bias voltages is influenced by the noise floor of
the measurement set-up producing a non-photovoltaic measurement artefact, evident in the
current minimum moving into the forward bias. This occurs as the current measurement
becomes dominated by a negative input offset current within the source meter.

An Arrhenius plot of leakage current density against temperature is shown in Fig. 2 (a). At
240 K the zero bias current density is compromised by the measurement floor as shown by the
moving minimum measurement artefact in Fig. 2 (b). Near 0 V the activation energy (Ea) was
0.351 eV, reducing to approximately half band gap for this material (Eg = 0.66 eV at 0 K) ata
bias voltage of 100mV, indicating Shockley-Read-Hall is the dominant contributor to the
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leakage current [12]. All measurements were taken in an IR shielded probe station. Elevated
activation energies at low bias voltage this have been reported in nBn’s where E, is increased
due to a valence band offset at the barrier, the effect reducing with increasing bias voltage [13].
The same effect is attributed to the small elevation in activation energy observed here.
Perimeter/area dependence of leakage current indicated that the detectors were not bulk limited,
as such the true potential of these photodiodes has not yet been reached. Work from Shafir et
al. has shown that diffusion limited current is possible in InGaAsSbh at room temperature with
a homojunction p-n photodiode [14]. Thus, there is scope for improvement in the photodiodes
reported here.

R, A, was calculated to be 150 Qcm? at room temperature, this is approximately a factor of
4 below the R, A given by Rule 17 ~600 Qcm? for InGaAs with a 2.3 um cut-off [15]. Rule 17
is an empirical rule created by Zang et al. to approximate figures of merit for extended InGaAs
at a range of temperatures and cut-off wavelengths. Within the work of Zang et al. saturation
current is calculated from the resistance area product by J, = kgT/qR,A. Using this equation
Js is calculated to be 1.75%x 10™* Acm™2 at room temperature, whereas Zang et al. suggest
~1.0 x 10~* Acm™2, for extended InGaAs with a 2.3 um cut-off wavelength.
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Fig. 2. (a) Magnitude of leakage current density Arrhenius plot at select reverse bias voltages, 1
mV (square), 10 mV (circle), 100 mV (inversed triangle) and 500 mV (diamond), activation
energy is annotated for each bias. (b) Magnitude of leakage current as a function of bias for
temperatures from 77 K- 360 K, with the measurement noise floor indicated by the shaded area.

4. Optical characterisation and noise evaluation

The spectral response of a photodiode, fabricated with a 280 nm SizN4 passivation and
antireflection coating, is shown in Fig. 3. The cut-off wavelength, taken to be 50% of the
maximum response, is ~2.25 um. The external quantum efficiency, EQE, for a wavelength of
2.0 um is 63 %, corresponding to a peak responsivity of 1.05 A/W. This is comparable to
commercially available extended InGaAs with a peak responsivity of 1.10 A/W and a cut-off
wavelength of 2.3 um [16]. Importantly, the Ino.14Gao ssAS0.1Sbo.9 photodiode maintains a high
quantum efficiency for all wavelengths between the cut-off wavelength of silicon (~1.0 um)
and its own cut-off wavelength [17].
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Fig. 3. Spectral quantum efficiency measured at room temperature and 0 V, for the InGaAsSh
p-B-n detector with an anti-reflection coating (data with colour gradient). Incident optical power
density was ~400 pW/cm? at 2um. Responsivity contour lines are also shown in grey as a guide.
Silicon and GaSb quantum efficiencies are shown for comparison (black lines) [17,18].

The specific detectivity, D*, was initially estimated by the common equation
A

QE(D) 7L

4k,T ' (1)
JRA t24
where A is the wavelength, R is the dynamic resistance, T is temperature, J is current density, A
is device area and g, h, ¢, and kg are physical constants [6]. Both shot and Johnson noise were
assumed to contribute for this calculation. At 2.0 pm D* reaches ~ 1x 10! Jones at 0V,

commercially available InGaAs with a cut-off of 2.2 pm has a D* ~ 3 x 10! Jones [16]. Bias
dependence of D* shows a maximum at 0 V. Johnson and shot noise contributions to the D*

were also considered independently, where Johnson noise current is i,; = \/4kzTAf /R and

shot noise current is i, = \/2qIAf, where Af represents the bandwidth of the measurement.
Close to the operating bias of 0 V, i,;=2 x 107*3 A / Hz'/? and i,,;= 3 x 1075 A / Hz'/2.
Thus, Johnson noise is dominant at 0 V, which remains the case up to -40 mV in the reverse.
To confirm the estimated D* from calculation, the noise power spectrum was measured at 0 V
and room temperature, between 10 Hz and 3 kHz. The measurement was verified through
comparison to the Johnson noise measured on resistors.

Comparison to previously reported InGaAsSb photodiodes with a low In fraction, operating
at zero bias, is given in Table 1. This work shows increased RoA which is attributed to the
barrier reducing leakage current. Though Nunna et al. did not have a barrier their structure
included an interfacial misfit array layer within the current path, between the GaAs substrate
and the GaSb buffer, which increased series resistance. The peak responsivity in this work is
high with respect to others with longer cut-off wavelengths. Together, this leads to a D* which
is greater than previously reported in this material.

Fig. 4 (a) shows the close agreement between calculated Johnson noise and measured
spectral power density for a selection of resistors and the p-B-n photodiode. The noise was flat
across the bandwidth measured with the exception of a background noise comb, originating
from the 50 Hz line supply. The noise floor of the meter was characterised to be
2 x 1078 V/+/Hz, the equivalent of Johnson noise on a 40 kQ resistor. The resistance of the
Ino.14Gao 86AS0.1Sho 9 photodiode was determined from leakage current measurements to be
240 kQ and its noise was measured to be in line with theoretical calculations for Johnson noise
given this resistance. This ideal Johnson noise behaviour is further confirmed by the almost

D* (1) =
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identical noise spectrum measured for comparison on a 270 kQ resistor. Furthermore, within
the frequency range characterised, no appreciable 1/f noise is observed.

Table 1. Figures of Merit for Photovoltaic InGaAsSb Photodiodes with Differing Indium Concentrations

In 14% In 15% In 18% In 20% In 24%
This work Salesse etal. Nunnaetal. Prineasetal. Shao etal.

Ref [19] [20] [21] [22]
R,A at 300 K (Qcm?) 150 15 260 25 90
Peak responsivity (A/W) 1.05 0.35 0.8 1.0 1.16
Cut-off wavelength (um) 2.25 2.2 24 24 2.6
D* (xlowJones) atov 9.7 -1 45 6 09

The D* calculated using the measured power spectrum and the more common best-case
estimate approach using Eq. (1), are both shown in Fig. 4 (b). The agreement between them
confirms that in these photodiodes the noise is indeed Johnson dominated at 0 V, without any
significant increase due to nonidealities unaccounted for by the best-case approach. Such
agreement is not always obtained when true noise powers are measured. D* was calculated
against wavelength between 252 K and 377 K using Eq. (1) and leakage current data. Below
250 K the current is influenced by the noise floor, imposing a lower limit. As the temperature
decreases, D* moves towards the background limited performance of photovoltaic
detectors [23]. The increase in D* with decreasing temperature is comparable to that reported
for extended InGaAs with a 2.6 pm cut-off [16]. Since E, has been measured as half band gap,
indicating non-ideal Shockley-Read-Hall is a dominant contributor to leakage current,
improvement in material quality could result in closer to diffusion limited leakage and hence
an enhancement in D*.
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Fig. 4. (a) Noise power spectra measured at room temperature for resistors of 68 kQ (orange),
270 kQ (red), 1 MQ (grey) and the InGaAsSb photodiode which has a dynamic resistance of
240 kQ at 0 V (purple). Calculated Johnson noise for each resistor value (dashed) is included for
comparison. (b) Calculated specific detectivity against wavelength for a series of temperatures
at 0 V, 377 K (pink), 335 K (orange), 301 K (yellow) and 252 K (green). D* from measured
noise at room temperature is shown as a dashed line. D* for commercially available InGaAs
with three cut-off wavelengths is shown in solid black at room temperature with the 2.6 um cut-
off also shown at 253 K (dotted) [16, 23]. Background limited spectral detectivity is shown in
red [23].
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The magnitude of absorption exhibited by low concentration biomarkers, can be small
within relevant medical concentration ranges. The measurement challenge is further
exacerbated by high total absorption when sensing compounds in solution. Thus, small changes
in relatively low total optical powers need to be precisely resolvable. Low optical powers were
measured with the InGaAsSbh photodiode to demonstrate and determine the resolution limit of
the photodiode in this work. A 1 mW, 1.55 pm laser source was used in an underfilled fibre
coupled arrangement and was incrementally attenuated to a minimum power of 3.3 pW. A
small-area fibre-coupled Inos3Gag.47As photodiode and a fibre splitter provided a simultaneous
real-time reference measurement of the laser’s optical power provided to the device. As shown
in Fig. 5 the photocurrent was linearly dependent on optical power from ~100 pW to 50 pW,
thus the responsivity is constant in this range and noise evidently low. Optical powers are
resolvable to 10’s pW based on a simple constant leakage current subtraction, below this the
measurement was unstable due to noise sources within the probed and thermally unregulated
measurement set-up, which in practice exceeded the photodiode’s Johnson noise limit. The
calculated Johnson noise limit for a S/N ratio of 1, based on the estimated measurement
bandwidth, is only reached at ~2 pW of optical power. Hence improvements in low power
resolution are expected when a detector is integrated with dedicated measurement circuity.
Under high optical power, the photocurrent saturates due to high series resistance in the n-type
contacts. With high GaSb concentration, the InGaAsSb contacting layer exhibits a GaSb nature,
and associated challenges in creating a low resistance n-type ohmic contact [24]. Obtaining low
contact resistance was not a focus of this work hence it is reasonable to expect reductions in
contact resistance with refinement of the processing.
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Fig. 5. Current against optical power at room temperature. Measured photocurrent (diamonds),
linear fit of photocurrent (dashed black), total current (black line), leakage current (grey line),
estimated Johnson noise current (dotted). Shades of blue indicate error band in the inferred
photocurrent due to temperature changes from 300 K within AT of 0.1 K, 1.0 K, 5.0 Kand 10 K,
using a temperature invariant leakage current subtraction.

Small photocurrents are often measured using phase sensitive techniques, to account for
any changes in leakage current. However, in low-cost consumer electronics this is not always
feasible and calculation of photocurrent based on subtraction of a fixed leakage current is
desirable. Using the characterised dependence of leakage current on temperature, the inferred
photocurrent based on a fixed, assumed temperature invariant, leakage current subtraction was
calculated for different fluctuating actual temperature ranges. It is shown in Fig. 5 that for
optical powers greater than ~1 nW, temperature fluctuations up to + 10 K will have negligible
effect on the inferred photocurrent, thus subtraction of a fixed leakage current can be sufficient.
However, below 0.01 nW optical power, the inferred photocurrent becomes significantly
erroneous for even a 1 K temperature change. Therefore, the concentration of the substance
being detected would be miscalculated. In this regime, precise temperature correction or phase
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sensitive detection, would be essential. To further relate the low optical power measurements
to the intended application the magnitude of change in optical power expected due to changes
in glucose concentrations was calculated. Considering an input optical power of 1 mW and a
nominal optical pathlength of 1 mm, the absorbance for a glucose solution was evaluated
through Beer-Lamberts law using absorptivity’s given by Amerov et al. [25]. As water exhibits
significant absorption in the near-infrared, water displacement by glucose must be considered,
the water displacement factor is also given in Amerov et al. [25]. Within the 4 — 7 mmol/L
healthy range, the optical power change for a 0.1 mmol/L difference is calculated to be
3.4 x 1072 W, which is within the linear region shown in Fig. 5 and hence resolvable. Indeed,
this also exceeds the potential uncertainty band originating from fluctuations in the photodiode
temperature.

5. Conclusion

This work has demonstrated quasi-planar InGaAsSb photodiodes with a 2.25 um cut-off
wavelength, achieving a high D* of 9.4 x 10° Jones with zero-bias room temperature
operation, using simple processing techniques. Maximum responsivity is measured to be
1.05 A/W at 2.0 um approaching values of commercial extended InGaAs and higher than
previous low indium fraction InGaAsSb photodiodes. Optical powers down to 40 pW were
detected and resolved with a simple probed measurement set-up. Excellent Johnson limited
noise characteristics were measured, without evidence of 1/f noise, highlighting the potential
for this detector to enable the measurement of low concentration biomarkers, once integrated
with optimised circuitry.
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