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Heterojunction wavelength-tailorable far-infrared photodetectors
with response out to 70 mm
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Results are presented on the performance of a heterojunction interfacial workfunction internal
photoemission~HEIWIP! wavelength-tailorable detector. The detection mechanism is based on
free-carrier absorption in the heavily doped emitter regions and internal emission across a
workfunction barrier caused by the band gap offset at the heterojunction. The HEIWIP detectors
have the high responsivity of free-carrier absorption detectors and the low dark current of quantum
well infrared photodector type detectors. For a 7062 cutoff wavelength detector, a responsivity of
11 A/W and aD* 5131013cmAHz/W with a photocurrent efficiency of 24% was observed at 20
mm. From the 300 K background photocurrent, the background limited performance~BLIP!
temperature for this HEIWIP detector was estimated to be 15 K. This HEIWIP detector provides an
exciting approach to far-infrared detection. ©2001 American Institute of Physics.
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Far-infrared~FIR! detectors are of interest for variou
astronomy applications such as the Stratospheric Obse
tory for Infrared Astronomy~SOFIA! program and Explorer
missions. Stressed Ge~Ref. 1! and blocked impurity band2

detectors have been studied for almost 20 years as FIR
tectors. Due to the material constraints in Ge, homojunc
interfacial workfunction internal photoemission infrared ph
todetectors~HIWIPs! using Si and GaAs have been studi
as an alternative detector structure.3 HIWIP detectors consis
of successive highly doped emitter layers and undoped
rier layers. Detection takes place by free-carrier absorptio
the emitter layers followed by the internal photoemission
photoexcited carriers across the barrier and collection.3 The
cutoff wavelength (lc) is determined by the workfunctionD
~the difference between the barrier conduction band and
3D Fermi level in the emitters! at the interface. By adjusting
the device parameters, mainly the doping concentration
the emitter region,lc can be tailored to the desired rang
Once the device is designedlc can also be tailored using th
applied electric field.

HIWIP structures have shown high responsivity a
good detectivity in this range, but have high dark curre
associated with higher doping required for longer wa
length operation, and lower quantum efficiencies. The wo
function in HIWIPs is due to the band gap narrowing effe
in the highly doped emitter regions. High density~HD!
theory, where only the dopant type~n or p! is considered but
not the specific impurities, has been used to calculate
workfunction associated with doping concentration.4 As the
concentration is increased, the doping accuracy require
achieve a consistent workfunction for detection at wa
lengths beyond 200mm becomes more stringent. In additio
the most commonp-dopant, beryllium, diffuses spontane
ously at the concentrations required for response beyond
mm. The diffusion problems may be eliminated by usi
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carbon as the dopant. However, even with the reduced d
sion, the high precision in doping density and the uncertai
associated with the band gap narrowing still place poten
limits on the use of HIWIPs.

In this letter results are presented on heterojunction
terfacial workfunction internal photoemission~HEIWIP! far-
infrared detectors where the workfunction is primarily due
an AlGaAs layer next to a doped GaAs~emitter! layer. The
emitters are doped to a sufficiently high level so that
carriers form a three-dimensional~3D! distribution in the
emitters and detection is by free-carrier absorption just a
the case of HIWIPs. However this will still be very muc
below the concentrations needed for HIWIP detectors. T
barriers have a low Al fraction so that the workfunction4 will
be small, allowing operation at FIR wavelengths. By adju
ing the Al fraction~and to a lesser extent the emitter dopi
density! lc can be tailored to any desired wavelength. T
doping in the emitters of the GaAs/AlGaAs structures sho
be kept low (<1019cm23) to reduce the dark current to lev
els comparable to or lower than those of quantum well inf
red photodetectors~QWIPs!, while the use of free-carrie
absorption in the emitter regions rather than the intersubb
transition used in QWIPs will give the high responsivity o
served in HIWIPs. The optimum doping of the emitter r
gions will have to be determined by balancing the dark c
rent and absorption quantum efficiency in the emit
regions. Thus HEIWIPs can combine the best properties
the QWIP and HIWIP detectors leading to improved ope
tion.

The device structure@confirmed using secondary io
mass spectroscopy~SIMS!# consists of 20 periods of 158 Å
GaAs emitters and 800 Å Al0.02Ga0.98As barriers. The emit-
ters were doped with Be to 331018cm23. The top and bot-
tom contacts were Be doped to 131019cm23 with thick-
nesses of 0.4 and 0.8mm, respectively. The devices wer
fabricated by etching 4003400 mm2 mesas using standar
wet etching techniques and then evaporating Ti/Pt/Au oh
1 © 2001 American Institute of Physics
 to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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contacts onto the top and bottom contact layers. A 2
3260 mm2 window was opened, through the top contact
provide front illumination to the device.

Figure 1 shows the dark current for the HEIWIP detec
at various temperatures. Also shown is the 300 K ba
ground photocurrent at 4.2 K coinciding with the 15 K da
current giving a BLIP temperature of 15 K for the detect
Above 10 K the current is primarily thermionic and a
Arrhenius plot for 10 mV bias~inset in Fig. 1! gives an
activation energy~workfunction! of 1961 meV correspond-
ing to a lc of 6565 mm. Based on the measured devi
parameters using SIMS data the estimated work functioD
@the energy difference between the Fermi level and the
rier seen in the band diagram shown in Fig. 2# including both
the band gap narrowing in the emitters and the AlGaAs b
gap offset was;21 meV giving an expectedlc of 61 mm.
The discrepancy between the predicted work function
the Arrhenius plot result may be due to small variations
the Al fraction and/or in the band gap narrowing in the em
ters. Below 10 K the dark current was primarily due to tu
neling and did not change with temperature, having alm
identical dark current curves at 4.2 and 10 K. The dark c
rent at a given electric field is;200 times less than for a
HIWIP detector3 with a similar workfunction, indicating a
dramatic improvement in dark current.

The responsivity of the detector was measured usin
Perkin-Elmer system 2000 Fourier transform infrared~FTIR!
spectrometer with a Si composite bolometer as a refere
detector. The results obtained for the HEIWIP at 0.7 V b
for 4.2 K are shown in Fig. 3. The response increases w
increasing bias until;0.7 V @see inset~i! of Fig. 3# and
starts decreasing as the bias is increased further. The s

FIG. 1. Dark current at various temperatures for the HEIWIP detector.
dark current at 10 K is almost the same as that for 4.2 K. Also shown is
300 K background current~dashed line! indicating BLIP operation at 15 K.
A fit to the thermionic dark current based on a 3D drift model~Ref. 7! is
shown for 21 and 31 K. Activation energies of 19.5 and 19 meV were u
in modeling the forward and reverse directions, respectively. The i
shows the Arrhenius plot used to obtain an activation energy of
61 meV.

FIG. 2. A partial band diagram for the HEIWIP detector with the workfun
tion D and the effective width of the zero field regiond indicated.
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type of behavior has been observed for HIWIP detectors
is believed to be related to impact ionization in the barr
region. This leads to increased dark current and reduced
sponsivity above a critical field.4 A strong response is ob
served for wavelengths shorter than 50mm with lc ~zero
response! of 7062 mm as indicated by the arrow in Fig. 3
consistent with the Arrhenius plot results. The responsiv
was 0.5 A/W at 40mm, increasing to 2.8 and 11 A/W at 3
and 20 mm, respectively, for 0.7 V bias. This is slightl
higher than the highest responsivity obtained from HIW
detectors3 and a factor of 6 improvement on the 0.45 A/W
obtained from QWIPs at 30mm.5 This confirms the HEIWIP
detectors will show the high responsivity seen in HIWI
rather than the lower responsivity seen in QWIPs. Inter
photoemission is more efficient at lower wavelengths,4 with
the free-carrier absorption expected to be proportional tol2

causing the responsivity to increase as wavelength increa
At long wavelengths the free-carrier absorption is indep
dent of the wavelength, and the responsivity decreases
increasing wavelength due to the decreasing internal ph
emission. The transition between the short and long wa
length behavior of the absorption is expected to be in
range of 8–12mm.6 The shape of the responsivity spectru
~see Fig. 3! corresponds to the expected results. The r
response@see inset~ii ! of Fig. 3# starts increasing with the
wavelength from about 3.5mm and starts decreasing beyon
18 mm, with a peak near 10mm. Spectra measured for dif
ferent detector temperatures showed constant responsivit
to 11 K and decreased at 16 K which is consistent with
estimated background limited performance~BLIP! from the
dark and 300 K background currents.

For a bias of 0.7 V the noise at frequencies above 4
Hz wasSI;9310229A2/Hz, which is much lower than the
HIWIP values, indicating an improvement in device quali
Based on this noise value the detectivity was;1
31013cmAHz/W which is a significant improvement ove
5.931010cmAHz/W obtained for a high performance HIWI
detector.3 The noise equivalent power~NEP! was 3.0
310215W/AHz, again about a factor of 100 better than th
for the HIWIP. The photocurrent efficiency for the detect
was determined by dividing the photocurrent by the num
of incident photons, resulting in an efficiency of 24% for th
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FIG. 3. Responsivity spectra for the HEIWIP detector at 0.7 V bias obtai
at 4.2 K. The cutoff wavelength indicated by the vertical arrow where
responsivity reaches the noise level was 7062 mm. The sharp decreas
between 35 and 40mm is due to reflection from the front face of the dete
tor. The responsivity remained the same to 8 K and then decreased at highe
temperatures. Inset~i! shows the responsivity at 20mm. Inset~ii ! shows that
the raw spectrum at shorter wavelengths with a zero response at 25mm due
to a beam splitter minimum.
 to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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HEIWIP detector at 20mm, a 100% improvement on the be
HIWIP result reported to date of 12.5%~Ref. 3! for a sample
with the same number of layers and similar thicknesses.

The increasedD* compared to that of QWIPs can b
understood by looking at the dark current and the absorp
quantum efficiency. For the HEIWIP structure the dark c
rent can be predicted by a 3D carrier drift model7 given by

j H5e
mE

@11~mE/vsat!
2#1/22~mHkBT/2p\2!3/2

3exp~2~D2aHE!/kBT!, ~1!

where m is the mobility, E is the electric field,vsat is the
saturation drift velocity,mH is the carrier effective mass,D is
the activation energy, andaH is a fitting parameter that de
termines the effective barrier lowering. Model results for t
detector at 21 and 31 K usingm580 cm2/V s21, aH

580 Å, andD of 19.5 meV for forward bias and 19.0 me
for reverse bias are shown in Fig. 1 and indicate a reason
fit. The small difference in barrier height for different polar
ties can be due to possible variations in the Al fraction at
two ends. Although the same result should be valid for H
WIPs, the experimentally observed dark current is; two
orders of magnitude larger than that for HEIWIPs. This i
provement is probably related to differences in the bar
lowering parameter. This parameter reflects different cau
of barrier lowering, such as space charge, the image fo
effect, and interface thickness, related to the transition fr
highly doped emitters to an undoped barrier. Both HEIWI
and HIWIPs are grown by MBE, however, the larger spa
charge at the interface for HIWIPs will lead to effective
thicker interfaces, giving higher dark currents. For a QW
structure the dark current is given by8

j Q5e
mQ

p\2t
kBT exp~2~D2aQE!/kBT!, ~2!

wheremQ is the carrier effective mass,t is the time for a
carrier to cross the well, andaQ is the barrier lowering pa-
rameter for the QWIP. Since the activation energy is prim
rily determined by the desiredlc for both detectors a com
parison of the dark current effectively becomes a compari
of the pre-exponential factors. The small inhomogene
broadening effect in QWIPs with bound-to-quasibound tr
sitions would add a small reduction in the dark current wh
will be ignored. For detectors operating at 4.2 K and usin
typical transit time of t50.5 ps and m580 cm2/V s21,
j H / j Q;0.01 for ap-type HEIWIP and ann-type QWIP for
fields in the operating range and remains less than 1 u
room temperature. This gives larger currents than the H
WIP for all temperatures in the operating range of the de
tor as long asaH<aQ . The fitting parameters will be the
sum of parts corresponding to the sharpness of the inter
~a common valuea for QWIPs and HEIWIPs! and voltage
drop between the center of the well/emitter and the interfa
For the QWIP the field in the well is constant so the volta
drop is ewE/2 where w is the well thickness. For the
HEIWIP/HIWIP structure, an effective thicknessd for the
nonzero field region can be defined@see Fig. 2~b!# with the
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voltage dropedE. Then the fitting parameters areaQ5a
1ew/2 and aH5a1ed. The condition for HEIWIP dark
current to be better than that for the QWIP is thend,w/2, a
condition which should be satisfied under operating fie
since charge will accumulate at the edges of the emitter
HEIWIPs. Thus the HEIWIP dark current is expected to
better than that for QWIPs due to increased capture/esc
from the wells and a reduced barrier lowering effect. T
dark current for alc528mm QWIP was already larger tha
the dark current observed for thelc565mm HEIWIP detec-
tors. At longer wavelengths absorption quantum efficien
strongly favors the HEIWIP structure over the QWIP co
cept. The free-carrier absorption coefficienta is ;NDlN

whereND is the 3D doping density andN;2 – 3 for wave-
lengths shorter than;8 – 12mm ~Ref. 6! and N;0 for
longer wavelengths.3 For the QWIP the absorption coeffi
cient isa;ND

2D with the 2D doping densityND
2D being cho-

sen to make the Fermi energy 2kBT to achieve the best re
sponsivity atTBLIP . SinceTBLIP will decrease as the desire
wavelength range increases the absorption of QWIPs
signed for long wavelengths will decrease. Thus both d
current and absorption favor the use of HEIWIPs ov
QWIPs for long wavelength detection.

The comparison of the first set of HEIWIP detectors
the current state-of-the-art Si:As, Si:Sb, and Ge:Ga detec
used in the far-infrared range is encouraging. For HEIW
photocurrent quantum efficiency was 24%, near the 25%
tained for Si BIB detectors to be used in the FORCAS
camera for SOFIA.9 The responsivity is also comparable
the values of 10–50 A/W for the stressed Ge:Ga detec
being developed for use in FIFI LS in SOFIA.10
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