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The dark current and spectral photoresponse thresholds of a semiconductor photodetector are
normally determined by the minimum energy gap (A) of the material, or the interfacial energy gap
of the heterostructure. In this manuscript, we discuss the performance of an asymmetric p-GaAs/
Al,Ga;_(As heterostructure-based infrared photodetector, which shows an extended wavelength
threshold beyond the limit set by A. The measured dark current was found to agree well with fits
obtained from a 3D carrier drift model using the designed value of A~ 0.40eV (~3.1 um). In con-
trast, the spectral photoresponse showed extended wavelength thresholds of ~68 um, ~45 um, and
~60 um at positive, zero, and negative biases, respectively, at 5.3 K. For a reference (symmetric)
photodetector, the dark current was fitted with the designed value of A ~0.30eV, and excellent
agreement was obtained for both the measured dark current and spectral response. This underlies
the advantage of using asymmetric infrared photo-detector designs, in which an extension to the
detected wavelengths can be obtained with little compromise to the dark current characteristics.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4992075]

I. INTRODUCTION

When designing an infrared (IR) photodetector, a funda-
mental parameter is the minimum energy gap (A) of the IR
radiation absorbing material, or the interfacial energy gap of
the heterostructure. This gives rise to the conventional wave-
length threshold (/,) of the spectral photoresponse through the
relation' J, = hc/A. An IR photodetector with the desired
spectral photoresponse threshold can thus be designed by
choosing a suitable value of A. However, lowering the value of
A to extend A, comes with the cost of increased dark current
and related noise levels. Therefore, development of IR photode-
tectors, which overcome the restriction imposed on 4, by A, is
of paramount importance since longer wavelength detection is
required with little or no compromise to the dark current levels.

In p-type semiconductor materials such as p-type doped
GaAs, IR absorption leads to hole transitions from the light-
hole/heavy-hole bands to the split-off band, and from the
heavy-hole to light-hole bands. Additionally, free carrier
absorption, which is weaker at shorter wavelengths, but
increases as A also occurs,” resulting in photo-excitation in
the heavy-hole band. Therefore, a p-GaAs layer absorbs a
broad IR spectrum spanning short-wave IR (SWIR) to the
very-long-wave IR (VLWIR) range. Whilst values of A can
be adjusted to cover the mid-IR to far-IR spectral ranges,>*
A, for the spectral photoresponse of p-GaAs/Al,Ga; ,As
heterostructures-based IR photodetectors is still traditionally
determined by the interfacial energy gap (A) at the emitter
(absorber)/collector barrier interface.

Recently, optoelectronic devices based on hot-carrier
driven effects have received broad attention owing to their
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breadth of potential applications in areas ranging from photode-
tectors to solar energy harvesting.”~’ For example, a hot-carrier
based IR photodetector with wavelength tunability, but inde-
pendent of the semiconductor bandgap, was explored as one
candidate for IR photodetectors.® In another study,” VLWIR
detection (up to ~55 um) was demonstrated with a photodetec-
tor in which the designed value of A was close to ~3.9 um. In
this case, asymmetrical p-GaAs/Al,Ga,As heterostructures
were used, where the p-GaAs layer, sandwiched by Al,Ga;_ As
barrier layers, works both as an absorber and emitter.

The underlying mechanism leading to this VLWIR pho-
toresponse is based on hot carrier effects. Photo-excited car-
riers have an energy greater than those in thermal
equilibrium,” and undergo relaxation processes dominated
by optical phonon emission.”'” However, a phonon-bottle-
neck>'""!? alters the hot carrier relaxation path towards an
efficient energy transfer to cold carriers.’ In p-GaAs/Al,Ga,_
«As heterostructures, high energy carriers (holes) can be cre-
ated by photo-injection over a high energy barrier into the
emitter, which causes a transient energy redistribution, lead-
ing to elevation of the Fermi level. The energy difference
between the Fermi level in the emitter and the height of the
emitter-collector barrier thus becomes smaller, reducing the
activation energy for holes to pass to the collector. As a
result, a photoresponse can be observed over an extended
wavelength range,” that is, beyond the limit set by A.
However, to achieve such an extended wavelength photores-
ponse, an energy offset (JF) between the injector-emitter
and emitter-collector barriers is necessary.'> At high values
of OF, the detector then operates under both positive and
negative applied biases, and also in a photovoltaic mode."?

In this paper, we present a study of the dark current of an
extended wavelength photodetector, in the temperature range
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10-100 K. We find that the fit of the measured dark current,
obtained through a 3D carrier drift model, agrees well with
the designed value of A ~ 0.40eV (~3.1 um). In contrast, a
photoresponse was observed up to ~45 um at 5.3K at zero
bias, and up to ~60 um and ~68 um in the negative and posi-
tive bias regimes, respectively. A reference detector without
energy offset (OF) does not show an extended wavelength
threshold, but a good agreement with the dark current fits is
observed with the designed value of A ~0.30eV.

Il. DEVICE DESIGN AND CHARACTERIZATION

Two p-GaAs/Al,Ga;_4As heterostructures (15SP3 and
LH1002) were grown by molecular beam epitaxy on a semi-
insulating GaAs substrate. The valence band alignment of
these heterostructures is shown schematically in Fig. 1 at
zero bias. The active region of the photodetector consists of
an Al,Ga;_(As barrier, followed by a p-GaAs emitter, and
then another Al,Ga;_,As barrier. These emitter/barrier layers
are sandwiched by the bottom and top contact layers of p-
type doped GaAs, with thicknesses of 0.5 um and 0.2 um,
respectively. The emitters, and the top and bottom contact
layers, are degenerately doped at 1 x 10" cm™>. The thick-
nesses of the emitters in both structures are sufficiently large
to have a bulk-like distribution of energy states.

Sample LH1002 consists of a 20nm emitter and two
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opened for normal incidence optical illumination of the
detector.

The current-voltage characteristics of the photodetectors
were measured using a Keithley 2400 source meter. A positive
voltage connected to the top contact with the bottom contact
grounded is referred to as a positive bias. Similarly, a positive
voltage connected to the bottom contact with the top contact
grounded is referred to as a negative bias. A Fourier transform
infrared (FTIR) spectrometer was used to measure the spectral
photoresponse, and a commercial Si composite bolometer
with known sensitivity was used to measure the background
intensity of a blackbody source to calibrate the photoresponse.

lll. RESULTS AND DISCUSSION

The measured dark current of the photodetector LH1002
is shown in Fig. 2(a) (dashed lines) and the solid lines repre-
sent the fits, in the temperature range of 10—100 K, based on
a 3D carrier drift model,'* given by the relation

ey

Here, A is the electrically active area of the detector, e is the
electronic charge, ps3p is the thermally-excited carrier (hole) den-
sity on the top of the barrier, and v(F) is the hole drift velocity
as a function of applied field F. Using p3p and v(F) given by'*

) m*kBT 3/26X _Ea(,'t
P30 ==\ 2 P\ ket

Liar = Aepapv(F).

60 nm Al 57Gag 43As barriers. Since there is no energy offset )
(OE) between the two barriers, LH1002 is used as the refer-
ence detector in this study. Sample 15SP3 consists of an and
80 nm emitter, a constant Aly30Gag ¢ As barrier (400 nm) at (F) uF 3)
. . v = .
the top, whilst the Al mole fraction in the bottom Al,Ga,_ As 2 1/2
barrier is linearly tuned from x; =0.45 at the bottom to 1+ (,u_)
X, =0.75 at the top to create a graded barrier. The values of Vsat
the Al mole fractions chosen in the two barriers lead to an . . 14.15
. Equation (1) reduces to the familiar form ™"~
energy offset (0E) of ~0.19eV between the graded and the d M
constant barrier. The details of the sample parameters and uF ks T 3/2
spectral photoresponse thresholds are summarized in Table 1. Liak = Ae 7 2( Py >
Mesas with an electrically active area of 400 x 400 ,um2 ! uF 2 T
were fabricated by conventional photolithography and wet + Vear
etching, and the contact electrodes were formed by Ti/Pt/Au
metallization. By partially etching the top contact layer X exp (_ A—oF - Ef)' 4)
(p-GaAs), an optical window of ~260 x 260 um?> was ksT
g
o 5B = 5 FIG. 1. Schematic diagrams of the
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2 E ¥ H 5 8 é valence band alignment of the detec-
Z ~ = g 3 = . g - @ b5 - tors in equilibrium: (a) LH1002 (A ~
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g 8 P RS £ 8 < 8 g fg and two Alys;GagsszAs  barriers
g é < Q? 8 & ('? §= é gx & Q (.? (60 nm), with no energy offset between
A O, & 2 S 2 < & & the barriers. (b) 15SP3 (A~0.40¢V)
< < g ) £ consists of an emitter (80nm), an
Aleal_xAS barrier Al,Ga,_4As barrier (80 nm) at the bot-
w tom graded by tuning the Al mole frac-
W, 2 tion from x; = 0.45 to x,=0.75, and a
W, [ 400nm Aly30Gag g As barrier at the
L W, < f i1 < top; there is thus an energy offset (OF)
} . ! of ~0.19eV between the two barriers.
X % X X X, Barrier offset (&) The emitters are sufficiently thick to
! 273 4 } have a bulk-like distribution of energy
x e - states. For all samples, the emitter, top,

and bottom contacts are p-type doped
at 1 x 10 em™,
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TABLE I. Summary of sample parameters and wavelength thresholds. All emitters, and the top and bottom contacts (p-GaAs), are doped to 1 x 10" em 2,
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A (eV) Energy offset Al mole fraction Wavelength
Sample (designed) (OE) (eV) X1, X2, X3 = X4 W, (nm) w; (nm) w5 (nm) threshold (/,) at 5.3K
15SP3 0.40 0.19 0.45,0.75,0.39 80 80 400 60 um, —1 V; ~68 um, 4 V; ~45 yum, 0 V
LH1002 0.30 None 0.57,0.57,0.57 20 60 60 ~4 um, —0.2 V (Ref. 13)

Here, E,, = A — oF — E; is the activation energy, y is the
mobility of the holes, vy, is the saturation velocity, m* is the
effective mass, kp is Boltzmann’s constant, T is the tempera-
ture, 7 is the reduced Planck constant, o is a fitting parameter
that determines effective barrier lowering due to the applied
field, and E; is the Fermi level. In the p-GaAs layers, the
mobility of the holes (1, g44,) Will be much smaller due to
high carrier-impurity scattering, compared to that in undoped
Al Gay  As layers (lygq45)- Thus, the effective mobility is
equivalent to f, G4, Within an approximation of the
Matthiessen rule:' =~ (1/ty—Gans + l/uAlGaAS)fl. For
degenerately doped p-GaAs, E is given by’
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FIG. 2. Experimentally measured and fitted dark current curves in the tem-
perature range 10-100 K for (a) LH1002 (inset showing the fitting parameter
o), and (b) 15SP3 (inset showing the fitting parameter o). The dark current
curves and the fitting parameters are symmetrical for LH1002, whilst they
are non-symmetrical for 15SP3.

Ey — Ef = kgT [m (}\%) +2732 (1\%)] , (5)

where Ey is the energy at the valence band-edge, p is the
doping density, and Ny is the density of states in the valence
band given by'

3/2
27m ks T
Ny = 2<4”m;l’§ ? ) . (6)

By substituting kg, my, (the density-of-state effective mass
for holes), and /& (Planck constant), Eq. (6) reduces (for
AlGa,_,As, x < 0.4) to'®

Ny = 4.82 x 10'5(0.51 + 0.25¢)*(em™). (7

Since both structures (LH1002 and 15SP3) consist of p-
GaAs doped to the same level, the same values of u and v,
were used at a given temperature. At a doping density of
1 x 10190m_3, ,u~500m2/V s at room temperature, and an
empirical temperature dependence is given'” as

23 1.5 -1
u(T) = [2.5 x 1073 (%) +4x1072p (g) } (cm?®/V's).
3)

Similarly, vm,~107 cm/s at room temperature, and an empiri-
cal temperature dependence is given18 as

Vsat 300K

sa T) =7—F=——
VearT) (1—A)+AL

(em/s) ©)

with A=0.59 for p-GaAs.'® Finally, the parameter o is
obtained from fitting of the dark current curves at each
temperature.

The fitted dark current curves [solid lines, Fig. 2(a)]
agreed reasonably closely with the experimentally measured
dark current curves [dashed lines, Fig. 2(a)] in the 10-100 K
temperature range for LH1002 with A~ 0.30eV. Based on
these fits, the value of the parameter (o) for LH1002 was
~10nm, and had a symmetrical bias-dependence. This value
was found to increase at low temperatures and low biases
[inset, Fig. 2(a)]. A good agreement was also found between
the fitted and measured dark current curves for 15SP3 in the
10-100K temperature range [Fig. 2(b)]. As seen in the inset
of Fig. 2(b), o for 15SP3 has a non-symmetrical bias-depen-
dence, which is expected due to the non-symmetrical design
of the heterostructure, and also due to the non-symmetrical
bias-dependence of the measured dark current. Deviation of
the value of « in the low temperature and low bias range is
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similar to LH1002. Due to the temperature-varying nature of
Ef, and also due to an asymmetrical design of 15SP3, the
value of o was allowed to change to obtain reasonable fit-
tings. However, it is important to note that A~ 0.40eV,
which is the designed value of A for 15SP3, fits the experi-
mental results most closely.

For LH1002, the spectral range of the photoresponse was
also in good agreement'® with the designed value of
A~0.30eV, due to the absence of an energy offset (OF).
However, 15SP3 (with an energy offset of JE~0.19¢V)
shows an extended wavelength photoresponse in the VLWIR
range: up to ~45um at zero bias, and up to ~68 um and
~60 um in the positive and negative bias regimes, respec-
tively, at 5.3 K. Typical data is shown in Fig. 3(a) for negative
biases of —0.6, —0.8, and —1.0 V (with the photoresponse at
zero bias shown in the inset), and in Fig. 3(b) for positive
biases 2, 3, and 4V. The spectral thresholds are largely
unchanged under both negative and positive biases. However,
the photoresponse became stronger at increased applied
biases, due to an improved collection efficiency. Under a neg-
ative bias, hot carriers are injected from the bottom contact to
the emitter leading to an energy transfer to the cold carriers
that enables the photoresponse in the extended wavelength
region. Under a positive bias, hot carriers are injected into the

z
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FIG. 3. Spectral photoresponse of the detector 15SP3 at 5.3K: (a) up to
~60 um under a negative bias, (b) up to ~68 um under a positive bias, and
up to ~45 um at zero bias [inset, (a)]. For comparison, the designed value of
A should give a threshold wavelength of only ~3.1 um. The solid and
dashed arrows mark features associated with the AlAs-like and GaAs-like
phonons, respectively. In comparison to the negative bias data, the AlAs-
like phonon feature is narrowed under a positive bias, whilst the GaAs-like
phonon feature is widened.
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FIG. 4. Spectral photoresponse of the detector 15SP3 at 0V, in the tempera-
ture range 50—100K. The extended wavelength threshold was observed to
be ~11.5 um at 50K, and ~7 um at 77K and 90K. The photoresponse in
the extended wavelength region disappeared at 100K, and the threshold of
~3 pum then closely agrees with the designed value of A ~ 0.40eV. Inset:
temperature-dependent internal photoemission spectroscopy [TDIPS (Ref
19)] fittings of the spectra to determine the wavelength threshold.

emitter from the top contact. The escape of photo-excited car-
riers from the emitter towards the bottom contact is less likely
due to the high energy of the graded barrier. However, with
increasing applied positive biases the graded barrier assumes
a sharp triangular shape, and barrier lowering also occurs due
to image force effects.'” Therefore, carriers escape and collec-
tion can be enhanced, with further increases arising from
tunneling. This leads to a strong photoresponse in the
extended wavelength range under a positive bias as well. It
may also be suggested that, by replacing the constant emitter-
collector barrier by a graded barrier, the photoresponse may
improve in the negative bias as well. Additionally, relatively

1.0

A)

Dark Current (

-1.5 -1.0

50K

15SP3 (-1 V)
--------- LH1002 (-1.5 V)

Normalized Responsivity (a.u.)

0.0 -

N —
—_
(=3
—
wn

Wavelength (um)

FIG. 5. Photoresponse of 15SP2 and LH1002 as a function of wavelength.
At 50K, the extended wavelength threshold of 15SP3 is observed up to
~13.5 um at —1V, compared to a threshold of 5.5 yum of LH1002 at —1.5V,
whilst the dark current values (inset) are close to each other (~2 x 1077 A)
at those bias values (marked by arrows).
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weak responsivity observed here is believed to be due to a
short hot carrier lifetime, typically ~1 ps.20 Replacing the
bulk p-GaAs emitter by nanostructures such as quantum wells
and quantum dots is expected to improve the lifetime?' and
hence the performance.

The sharp peaks observed near 25.5 um and 35.6 yum in the
photoresponse under a negative bias (marked by solid and
dashed arrows) are consistent with previously observed results,
and are related to strong plasmon-phonon coupling modes.’
Under a positive bias, the AlA-like phonon feature becomes
narrower, whilst the GaAs-like phonon feature widens. Even
though this difference is not fully understood, it is not unex-
pected. The hole concentration is ~1 x 10'”cm™ in equilib-
rium. Under bias, however, there is a transient concentration of
holes, which depends upon the energy of the hot holes injected
into the emitter and the hot-cold hole energy transfer rate—
these are expected to be significantly different under positive
and negative biases, and hence the plasmon-phonon coupling is
expected to be different. Further study under non-equilibrium
conditions will be necessary to understand more fully the effect
of plasmon-phonon coupling on the photoresponse spectra
under different operating conditions.

The extension of the photoresponse beyond 4, is affected
by the operating temperature,'? possibly due to a less efficient
hot-cold carrier energy transfer mechanism, and a reduced
lifetime of the hot carriers with increasing temperature. Figure
4 shows the photoresponse spectra of 15SP3 at zero bias
between 50-100 K, with temperature-dependent internal pho-
toemission spectroscopy (TDIPS)' being used to determine
the value of the energy (A) corresponding to the spectral
threshold of the photoresponse. In this method, A is obtained
from fitting the quantum yield, (Y(hv) ~ (hv — A)), in the
near-threshold region, as illustrated in the inset of Fig. 4. The
wavelength threshold of the photoresponse spectrum is
observed to be ~11.5um at 50K, and ~7 um at 77K and
90K. At 100K, however, the photoresponse in the extended
wavelength region completely disappears, with the photores-
ponse being observed only up to ~3 um, closely agreeing
with the designed value of A ~0.40eV.

The reduced dark current, when using photo-detection
in the extended wavelength regime, is further illustrated by
the results presented in Fig. 5. The photoresponses of
LH1002 and 15SP3 at 50K are shown at biases of —1.5V
and —1V, respectively. At these biases, the dark currents of
the two detectors are close to each other (~2 x 107°A, as
indicated by the arrows in the inset of Fig. 5). However, the
photoresponse of 15SP3, with the wavelength threshold
extension, is observed up to ~13.5 um, as opposed to 5.5 um
for LH1002. It should be noted that there is a small increase
in the wavelength threshold of LH1002, compared to its
designed value, due to image force effects.'® The importance
of the wavelength threshold extension mechanism is thus
clearly illustrated, with its application for future IR photode-
tector design and development.

IV. CONCLUSION

We have studied the dark current and photoresponse
characteristics of an asymmetric p-GaAs/Al,Ga;_(As

J. Appl. Phys. 122, 024501 (2017)

heterostructure-based IR photodetector, which shows an
extended wavelength threshold beyond the limit of the
designed value of A. Based on a 3D carrier drift model,
good fits were obtained for the measured dark current in the
temperature range of 10-100K, with A ~ 0.40eV
(~3.1 um) being used for the fitting. A photoresponse was,
however, observed with a wavelength threshold extension
up to ~68 um and ~60 um under positive and negative
biases, respectively, and up to ~45um at zero bias, at
5.3K. An extended wavelength threshold was observed up
to 90K. At 100K, however, the wavelength threshold of
~3 um agreed closely with the designed value of A. The
dark current was also measured for a (reference) symmetric
p-GaAs/Al,Ga;_As heterostructure-based IR photodetec-
tor, and no extended wavelength photoresponse was
observed. Measured dark currents in the temperature range
of 10-100K were, however, fit well with A ~ 0.30eV,
close to the design value.
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