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Abstract

The I11-V semiconductor heterostructure-based photodetelotoes been studied extensively for
infrared detection, from near-infrared (NIR) to far-im&a (FIR) region. Due to the mature
material system, GaAs/fba-cAs heterostructures are attractive options for developroén

infrared detectors. The conventional rule of photodetectiti, =hc/A , determines the
wavelength thresholdA() of spectral photoresponse, where A is the minimum energy gap of the

material, or the interfacial energy gap of the hedfguwture. In recent studies on the p-
GaAsAl,Ga .xAs heterostructure-based infrared photodetectors, spectrsthofadimit due toA
has been overcome owing to a detection mechanism arigingthe hot-carrier effect driven
extended wavelength photoresponse mechanism. It has beemmexpally observed that a
detector with a conventional spectral threshold of ~ 3.1ghows an extended wavelength
threshold of up to ~ 68 um. An important advantage of the wagti extension mechanism is
the lower dark current, which is determined by the designeDark current fittings obtained

from a 3D carrier drift model closely agree with experiraiyptmeasured dark current. A barrier



energy offset d£,) betweenAl,Ga.,As barriers is found to be necessary for the spectral

extension mechanism.

1. Introduction
In infrared (IR) photodetectors, the spectral rdle= hc/A plays a fundamental role [1] that
determines the spectral threshold of photoresponsegwhisrthe energy gap of the material or
heterostructure corresponding to a minimum energy of tledopk that can be absorbed to
produce a photocurrent, anél is the wavelength thresholdin p-type doped IINM
semiconductors such as p-GaAs, IR photo-absorption rasuisle transitions from the heavy-
hole/ light-hole bands to the spin-orbit split-off bandg d&rom the heavy-hole to the light-hole
band [2]. Furthermore, free-carrier absorption inaesawith the wavelength [3] a3. Using the
p-GaAs/AlGa .xAs heterostructures for the internal photo-emissign¢can be tuned by changing
the Al mole fraction x in thé\l,Ga;.xAs barrier region to design the detectors covering mid-IR to
far-IR ranges [4, 5] Unlike these. conventional approaches, an alternative mischawas
discovered that demonstrated an extended wavelength photorespahse spectral range to
very-long-wavelength IR (VLWIR) range, far beyond the limiitA in corresponding tonid-IR
range [6-8]. More specifically, a photoresponse was observed upAp~ 55 um in a p-
GaAs/ALGa.xAs heterostructure-based IR detector with interfacial gngep ofA ~ 0.40 eV
(~=3.1 um). The extended wavelength photoresponse was attrilatethe hot-carrier
redistribution in the p-GaAs absorber/emitters layedifgg to a quasi-Fermi level at a higher
energy level comparet the equilibrium Fermi level [6]As a result, the effective energy gap
becomes smaller, enabling the detection of extended wavel&Rgiadiation. Typical detector

architecture used in these studies include p-type doped @bgmber/emitter and undoped



AlGa.As barriers, sandwiched between highly doped p-GaAs top andrbotiatact layers
that also serve as collector and injector respectiv&parrier energy offsetdf,), that is, a
difference between the injector and collector barnergy, was found to be necessary condition
for the extended wavelength photoresponse mechanism, evwidemtthe fact that extended
wavelength photoresponse was not observed on a reference detgbtero barrier offset.
Furthermore, the extended wavelength photoresponse was ebsenetectors with graded and
constant shapes of the injector barrier [7]. Whilst tkieredled wavelength threshold can be
observed up to VLWIR spectral range, the measured dark cairéim¢ detector agrees closely
with modelled dark current with ~ 0.40 eV (~3.1 um), which is the interfacial energy gajhef
detector under equilibrium condition [8h this article, we present results of a comparative study
of five p-GaAs/AlGa.xAs heterostructures-based IR photodetectors. The rdsghsght that

the barrier offset is a critical requirement for #sdended wavelength photoresponse, and the
graded barrier shows higher extended wavelength photoresporasidition, the barrier energy
offset increased from 0.10 eV to 0.19 eV enables increased ebpomse and optimized
operating condition over a wide applied bias range. FRumitwe, a comparison of dark current
with a conventional detector shows a significant dark curaelvantage due to the extended

wavelength mechanism.

2. Experiments
Five samples - SP1001, SP1007, 15SP3, LH1002, and SP1 were growoldoylan beam
epitaxy on semi-insulating GaAs substrate. The parametbrthese heterostructures are
summarized in Table I. In the samples SP1001, SP1007, and, 168P3GaAs emitters are 80
nm, andAl,Ga,.xAs barriers are 80 nm and 400 nm below and above the emaectively. The

400 nm AlGa.xAs barrier is constant in all three samples. The 80AlfGa . As barrier is
3



constant in SP1001, but in SP1007, and 15SP3, barrier energlg psograded by linearly
varying the Al mole fraction from;x= 0.45 at lower edge of the barrier t0=x0.75 at the upper
edge. The constant barrier in SP1001 and SP1007 bavewe= 0.57, but 15SP3 hasg x x =
0.39. Thus, SP1001 and SP1007 have the barrier ofiset 0.10 eV and 0.19 eV respectively.
Samples LH1002 and SP1 are used as reference detectors whthbatrier offset. The constant
AlGaxAs barriers in all the samples have %= x3 = % = 0.57 and 0.28 in' LH1002 and SP1
respectively. The interfacial energy gap in SP1001, SP10071%®P3 idA ~ 0.40 eV, whereas
A~ 0.30 eV and 0.157 eV in LH1002 and SP1 respectively. The emittergdtgual in all
samples are 1x10dcm®, except for 3x1# cm® in SP1 The ‘equilibrium valence band alignment
of the heterostructures are depicted in Figa)t(c). Detector mesas of 400 x 400 fimere
fabricated by conventional photolithography and wet etchim@gu metallic ring contacts were
evaporated on the top and bottom contact layers. An opticalow of 260 x 260 pufmwas

opened on the top contact layer for normal incident dgticenination.

Table | Summary of sample parameters: Emitters in alps have the doping level of 12@m?, except for
3x10®% cm?®in SP1.

A (eV) Energy offset Al mole fraction — w, Wy W> Number of
Sample (designed) - (oE) (eV) X1, Y X%=X4 (nm) (nm) (nm) Periods (N)
SP1001 0.40 0.10 0.75, 0.75, 0.57 80 80 400 1
SP1007  0.40 0.10 0.45, 0.75, 0.57 80 80 400 1
15SP3 0.40 0.19 0.45, 0.75, 0.39 80 80 400 1
LH1002 0.30 None 0.57,0.57, 0.57 20 60 60 1
SP1 0.157 None 0.28, 0.28, 0.28 20 60 60 30

Dark current (I-V-T) characteristics were measured usinghlégi 2635B source meteA
positive bias is a positive voltage connected to the ampact, with the bottom contact grounded.
Similarly, a negative biais the positive voltage connected to the bottom contact, théhtop

contact groundedSpectral photoresponse was measured using a Perkin-Elmen 2346 FTIR



set up. A bolometer with known sensitivity was used to medabteréackground intensity of the

blackbody source to calibrate the responsivity of detectors
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Fig. 1. Schematic diagrams of the valence band alignofehie detectors under equilibrium: (a) detectors without
barrier offset: LH1002 has one period and SP1 and 30 periods of peGaAs and 60 nm ABGa,As barriers. (b)
SP1001 consists of an emitter (80 nm), an 80 ny,&ba 25AS barrier at the bottom, and a 400 NnmyAIGa 49AS
barrier at the top, with an energy offsét) of ~0.10 eV between the barriers. (c) In SP1007 and 15SP3 have
AlLGa,As barrier (80 nm) at the bottom is graded by tuning the Al rfraletion from from x = 0.45 at lower edge

of the barrier to x= 0.75 at the upper edge. The constant barrier in SP1001 and SP%00% v, = 0.57, but
15SP3 hass= X4 = 0.39. SP1001 and SP1007 have the barrier affset 0.10 eV and 0.19 eV respectively. The
emitters are thick enough so that there will a bulk-tiletribution of energy states.

3. Resultsand Discussion

An extended wavelength photoresponse was observed in the sa&®l®01, SP1007, and
15SP3 measured at 5.3&s shown in Fig.2Note that the samples SP1001 and SP1007 have the
same barrier offsetof, = 0.10 eV), but SP1007 has graded injector barrier as opposad
constant injection barrier in SP1001. Also, the spectratqvhsponse used for the comparison
are chosen from the optimal signaf each sample. SP1007 had an extended wavelength
photoresponse in a small range of applied biases, less-@t&an/ in magnitude, as reported
previously in Ref [6]. SP1001 showed the photoresponse on tbedexi wavelength regime in

the applied biases of -0.6 V or less in magnitude. The casoparshows that a higher



photoresponse was observed in SP1007 than in SP1001. Simiasrglength threshold is
slightly longer in SP1007 (~56 pm) compared to SP1001 (~50 pmwavelength threshold of
the photoresponse was determined by using the temperature depeateleal photoemission
spectroscopy (TDIPS) method [9]. In this method, sthi@e of the energy (A) corresponding to

the spectral threshold of the photoresponse is determineltéying a fitting for quantum yield,

Y(hv)~(hv—-A)?, in the near-threshold regiohhe wavelength threshold for 15SP3 was found to

be ~ 59 um. The results from these three samplesatedibat the barrier energy offset gives rise
to an extended wavelength mechanism, which enabled the VIiphtBresponse. Howevehet
three samples show only a small variation in the waggtethreshold. On the other hand, the
spectral responsivity was found to improve significantly dueh& graded barrier in SP1007
compared to the constant barrier structure in SP1001. dfombine, with the barrier offset
increased todE, = 0.19 eV in 15SP3 compared &&, = 0.10 eV in SP1007, the spectral
responsivity was found to improve by more tlmwo-fold factor. Note that the improvements in
the spectral responsivity is_more pronounced in the VL\Wd&on. In contrast, the reference
detector LH1002 did not show the extended wavelength photoresp®hse wavelength
threshold of~4.1 um closely agrees with the interfacial energy gap of A ~ 0.30 ¢V, as shown in

inset of Fig. 2.
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Fig. 2. Spectral photoresponse of samples SP1001, SP1007, &8l rheSsured at 5.3K shows the wavelength
threshold of 50, 56, and 59 pmpectively whilst the interfacial energy gap is A ~ 0.40 eV (~3.1 pum) for all three
samples. Note that the responsivity of SP1001 and SP1007 #iplietl4 and 2 times respectively for better
visualization. Inset shows the photoresponse of the reference detector LH1002 with A ~ 0.30 eV (~4.1 um), without

an extended wavelength photoresponse. The compasibaised on the optimal signal of each sample. SP1007 had
an extended wavelength photoresponse in a small ranggladdabiases less than -0.2 V, as reported previously in

Ref [6]. Similarly, SP1001 showed the extended wavelengttopgsponse in the range of applied biases of -0.6 V
or less.

Although the extended wavelength photoresponse in SP1007 wasenbsera narrow range of
negative bias, sample 15SP3 (with a higher barrier offsdedved the extended wavelength
photoresponse in-a wider applied bias range, including positages As shown in Fig. 3, a
strong photoresponse was observed under positive bias, wigxtdreded wavelength threshold
~68 um- at 4V, at 5.3KThese results suggest that the barrier offset is ngt thel necessary
condition for the extended wavelength photoresponse meamamnig also the higher value of the

offset is more optimized parameter for the operatiothefextended wavelength photodetectors.
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Fig. 3. Spectral photoresponse of 15SP3 sample undervpagitplied biass Extended wavelength threshold was
found to be ~68 um, at 4 V, as determined from TDIPS method.

In addition to the photoresponse analysis, we applied fittmgseasured dark currents from 10-
100K for 15SP3, as shown in Fig. 4. To obtain the fittirg8D carrier drift model [8, 10] as

shown in equation (1) was used.
3/2
F mk,T A-aF-E
lganc= Ao A e | e - ——— |. (1)
27h KT
HE.

Here, Ais the electrically active area of the deteatds,the electronic chargey(F) is the hole

drift velocity as function of applied fields,,, is the saturation velocityn is the effective mass,
kg is Boltzmann’s constant, T is temperaturef is the reduced Planck constantjs a fitting
parameter related to barrier lowering due to the applied #eld E, is the Fermi level. Details

of the 3D carrier drift model used for dark current fittimg eeported in Bf [8, 10]. As seen in
Fig. 4, the fitted dark current closely agreei¢h the measured dark current for 15SP3 with A ~
0.40 eV. We note that the experimentally measured dark current deviakg$or small values of

the applied biases, and mostly for positive bias comditi®©ne of the possible reasons for this



behavior may be attributed to the non-uniform distributbthe applied bias due to presence of
multiple resistive elements [4, 11], that is, energyibes with different barrier heights. At low
biases, mostly the dc voltage is dropped across the gradéet lolare to higher barrier energy,
making the effective electric field across it much highkan the value under uniform
distribution. This means the measured dark current wouldgbehthan predicted by the model.
The dc resistance of the high resistive element deeseas the bias increases, causing
redistribution of dc voltage to constant barrier (withafler barrier height) too, hence the
measured dark current approaches the values predicted bypdeé @verall, the results confirm
that the dark current in the extended wavelength IR photodetectadstesmined by the
equilibrium interfacial energy, which is much larger tlthe actual energy corresponding to the
extended wavelength threshold (~ 68 pum). _In other wordse ikeno compromise in terms of

dark current due to the wavelength extension mechanism
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Fig. 4. The fitted dark current for sample 15SP3 closgtges with the measured dark current. A 3D carriet drddel was
applied to fit the dark current, with A ~ 0.40 eV.

The next comparison of photoresponse and dark curretieirtdnventional IR photodetector
(SPJ and the extended wavelength IR photodetector (SP1007)vusshd-ig. 5 (a) and (b) for
measurements carried out at 5S0KSP1, the wavelength threshold (~8.2 um) closely agrébhs w
A ~ 0.157 eV However, SP1007 shows an extended wavelength threshold of8.Gimen that

the observed photoresponse in these two samples arardin@dach other at 50K, it is insightful

to compare the dark current of these samples. The fittdd adarent agreed closely with the
measure dark current in both SP1 (A ~ 0.157 e¢V) and SP1007 (A ~ 0.40 eV) asseen in Fig. 5 (b)
Note that the dark curremt extended wavelength IR photodetector SP1007 is significlamiiyr

than the conventional photodetectS8P1l These results also demonstrate the dark current

advantage of extended wavelength photoresponse mechanism.
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Fig. 5 A comparison of conventional IR photodetector SP1 with extended wavelength IR photodetector AT 50K. (a) SP1 with A
~0.157 eV (~8.2 um) shows no extended wavelength photoresponse, but SP1007 with A~ 0:40eV (~3.1 pm) shows an extended
wavelength photesponse up to ~ 8.9 um. (b) The fitted dark currents with A ~0.40 eV and 0.157 eV for SP1007 and SPI,
respectively, closely agree with the measured dark csrréhe results demonstrate that the extended wavelengitrgdpain se

mechanism offer significant dark current advantage ovecdheentional IR photodetector when operating in the sirspactral
range.

4. Conclusion
The study of p-GaAs/AGaxAs heterostructures-based extended wavelength IR photodetectors
with reference to conventional IR photodetectors demonsthattethe heterostructures with a
barrier energy offsetég,) is a critical requirement for the wavelength extemgbotoresponse
mechanism. This mechanism enabled a VLWIR detection,watrelength threshold of ~ 68 pum
at 5.3K even though the heterostructures had an equilibnterfacial energy gap & ~ 0.40 eV
(=3.1 um). The dark current fittings obtained using a 3D cadri#é model, withA ~ 0.40 eV,
agreed closely to the measured dark currents, indicatiogmpromise in the dark current levels

due to the wavelength extension mechanism.
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