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Heterojunction wavelength-tailorable far-infrared photodetectors
with response out to 70 um

A. G. U. Perera, S. G. Matsik, and B. Yaldiz
Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303

H. C. Liu, A. Shen, M. Gao, Z. R. Wasilewski, and M. Buchanan
Institute for Microstructural Studies, NRC-Canada, Ottawa, Ontario, Canada

(Received 24 October 2000; accepted for publication 12 February) 2001

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 at70 cutoff wavelength detector, a responsivity of

11 A/W and aD* =1 x 10"3cmHz/W with a photocurrent efficiency of 24% was observed at 20
pum. From the 300 K background photocurrent, the background limited perform@id®)
temperature for this HEIWIP detector was estimated to be 15 K. This HEIWIP detector provides an
exciting approach to far-infrared detection. Z)01 American Institute of Physics.
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Far-infrared(FIR) detectors are of interest for various carbon as the dopant. However, even with the reduced diffu-
astronomy applications such as the Stratospheric Observaion, the high precision in doping density and the uncertainty
tory for Infrared AstronomySOFIA) program and Explorer associated with the band gap narrowing still place potential
missions. Stressed G&ef. 1) and blocked impurity barfd  limits on the use of HIWIPs.
detectors have been studied for almost 20 years as FIR de- In this letter results are presented on heterojunction in-
tectors. Due to the material constraints in Ge, homojunctionerfacial workfunction internal photoemissi¢HEIWIP) far-
interfacial workfunction internal photoemission infrared pho-infrared detectors where the workfunction is primarily due to
todetectordHIWIPs) using Si and GaAs have been studiedan AlGaAs layer next to a doped Gademitte) layer. The
as an alternative detector structdrdlWIP detectors consist emitters are doped to a sufficiently high level so that the
of successive highly doped emitter layers and undoped batarriers form a three-dimension&D) distribution in the
rier layers. Detection takes place by free-carrier absorption iemitters and detection is by free-carrier absorption just as in
the emitter layers followed by the internal photoemission ofthe case of HIWIPs. However this will still be very much
photoexcited carriers across the barrier and collectihe  below the concentrations needed for HIWIP detectors. The
cutoff wavelength ) is determined by the workfunctioh  barriers have a low Al fraction so that the workfuncfiamill
(the difference between the barrier conduction band and thige small, allowing operation at FIR wavelengths. By adjust-
3D Fermi level in the emittejsat the interface. By adjusting ing the Al fraction(and to a lesser extent the emitter doping
the device parameters, mainly the doping concentration igensity \. can be tailored to any desired wavelength. The
the emitter region\. can be tailored to the desired range. doping in the emitters of the GaAs/AlGaAs structures should
Once the device is designad can also be tailored using the be kept low &10"°cm3) to reduce the dark current to lev-
applied electric field. els comparable to or lower than those of quantum well infra-

HIWIP structures have shown high responsivity andred photodetectorsQWIPS, while the use of free-carrier
good detectivity in this range, but have high dark currentabsorption in the emitter regions rather than the intersubband
associated with higher doping required for longer wave+ransition used in QWIPs will give the high responsivity ob-
length operation, and lower quantum efficiencies. The workserved in HIWIPs. The optimum doping of the emitter re-
function in HIWIPs is due to the band gap narrowing effectgions will have to be determined by balancing the dark cur-
in the highly doped emitter regions. High densiiD)  yent and absorption quantum efficiency in the emitter
theory, where only the dopant tyge or p) is considered but regions. Thus HEIWIPs can combine the best properties of
not the specific impurities, has been used to calculate thg,e QWIP and HIWIP detectors leading to improved opera-
workfunction associated with doping concentratios the  ion.
concentration is increased, the doping accuracy required 0 The device structurdconfirmed using secondary ion
achieve a consistent workfunction for detection at waveinass spectroscoBIMS)] consists of 20 periods of 158 A
lengths beyond 20@m becomes more stringent. In addition, gaas emitters and 800 A AbGay ogAs barriers. The emit-
the most commorp-dopant, beryllium, diffuses spontane- (o5 \were doped with Be t05310'8cm 2. The top and bot-
ously at the concentrations required for response beyond 248y, contacts were Be doped toxZL0¥cm™2 with thick-
#m. The diffusion problems may be eliminated by usingpesses of 0.4 and 0,8m, respectively. The devices were
fabricated by etching 400400 um? mesas using standard
3Electronic mail: uperera@gsu.edu wet etching techniques and then evaporating Ti/Pt/Au ohmic
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FIG. 3. Responsivity spectra for the HEIWIP detector at 0.7 V bias obtained
FIG. 1. Dark current at various temperatures for the HEIWIP detector. Theyt 4.2 K. The cutoff wavelength indicated by the vertical arrow where the
dark current at 10 K is almost the same as that for 4.2 K. Also shown is thgesponsivity reaches the noise level wastZum. The sharp decrease
300 K background currer{tiashed lingindicating BLIP operation at 15 K. between 35 and 4@m is due to reflection from the front face of the detec-
A fit to the thermionic dark current based on a 3D drift motRef. 7) is tor. The responsivity remained the sarmestK and then decreased at higher
shown for 21 and 31 K. Activation energies of 19.5 and 19 meV were Usedemperatures. Inséi) shows the responsivity at 20m. Inset(ii) shows that
in modeling the forward and reverse directions, respectively. The insethe raw spectrum at shorter wavelengths with a zero responsean2fie
shows the Arrhenius plot used to obtain an activation energy of 1%p a beam splitter minimum.
+1 meV.

type of behavior has been observed for HIWIP detectors and

contacts onto the top and bottorr]n COEtaﬁt layers. A 2605 hejieved to be related to impact ionization in the barrier
x 260 um" window was opened, through the top contact toregion. This leads to increased dark current and reduced re-

provllque froqt |:um|nz?]t|og t(l)(the dew;:e. he HEIWIP d sponsivity above a critical fiell A strong response is ob-
'gure 1 shows the dark current for the eteClorerved for wavelengths shorter than aén with \. (zero
at various temperatures. Also shown is the 300 K back

d oh 4.2 K coincidi ih the 15 K d k'respons)s-of 70*=2 um as indicated by the arrow in Fig. 3,
ground photocurrent at 4. coinciding with the ark consistent with the Arrhenius plot results. The responsivity
current giving a BLIP temperature of 15 K for the detector.

Above 10 K the current is primarily thermionic and an was 0.5 AW at 40um, increasing to 2.8 and 11 AIW at 30
Arthenius plot for 10 mV biaginset in Fig. 2 gives an and 20 um, respectively, for 0.7 V bias. This is slightly

L . higher than the highest responsivity obtained from HIWIP
activation energyworkfunction of 19+ 1 meV correspond- dgtecto@ and a fagtor of 6 i?nprove)r/nent on the 0.45 A/W
ing to a\. of 655 um. Based on the measured device

: _ _ ined from QWIP m.> This confirms the HEIWIP
parameters using SIMS data the estimated work funchion obtained from Q sat3n S €0 s the

. ) rs will show the high r nsivi n in HIWIP
[the energy difference between the Fermi level and the barc-ieteCtO S show the high responsivity see S

. : . A . rather than the lower responsivity seen in QWIPs. Internal
rier seen in the band diagram shown in Figirtluding both hotoemission is more efficient at lower wavelendtsith

the band gap narrowing in the emitters and the AlGaAs ban&e free-carrier absorption expected to be proportional’to

gl_?]p %f.fset waSvZ%)n:eV g'vt'ﬂg an g?(pt)egtedc l? ff61 "tL.m' ausing the responsivity to increase as wavelength increases.
€ discrepancy between the predicted work function ant long wavelengths the free-carrier absorption is indepen-

the Arrhenius plot result may be due to small variations Ndent of the wavelength, and the responsivity decreases with

:he A|I3fr<lact|olnoa£c:(10r Idn ﬂlle band tgap nar.roww.1|g Ic? thf etm't'increasing wavelength due to the decreasing internal photo-
ers. below € dark current was primarly du€ 1o tn- g iqqi0n “The transition between the short and long wave-

_r:jeel:nﬂgcaaln(;iadlldcnoggthzngeewn?:ezmpeéaltléreK, r_;_zri]\gndg all(lmosength behavior of the absorption is expected to be in the

Irent ;t a gi\r/enuerlrectricufri\(/alc? ia§2(.)0atinmes Ies:s than af:)r (;ur'range of 8-12um.” The shape of the responsivity spectrum
: - N Fig. ds to th ted Its. Th

HIWIP detecto? with a similar workfunction, indicating a (see Fig. 3 corresponds to the expected results € raw

q e | tin dark A responsdsee insefii) of Fig. 3] starts increasing with the
ramatic improvement in darx current. . wavelength from about 3.am and starts decreasing beyond
The responsivity of the detector was measured using

. . . s pm, with a peak near 1@m. Spectra measured for dif-
Perkin-Elmer SYs tem 2.000 Fourlg r transform infra(ediR) ferent detector temperatures showed constant responsivity up
spectrometer with a Si composite bolometer as a referenc;[% 11 K and decreased at 16 K which is consistent with the
detector. The results obtained for the HEIWIP at 0.7 V biasestimated background limited performan@LIP) from the
for 4.2 K are shown in Fig. 3. The response increases Wm&iark and 300 K background currents

increasing bias until-0.7V [see inset(i) of Fig. 3| and For a bias of 0.7 V the noise at frequencies above 400
starts decreasing as the bias is increased further. The SaMmE |1 asS — 9% 10-22AZHz. which is much lower than the
l 1

HIWIP values, indicating an improvement in device quality.

p GaAs Based on this noise value the detectivity wasl
I:med Emitter x 10 cmyHz/W which is a significant improvement over
vee 5.9x 10'°cmHz/W obtained for a high performance HIWIP

ECZ“ - detector The noise equivalent powefNEP) was 3.0
/ /1, x 10~ W/ Az, again about a factor of 100 better than that
? for the HIWIP. The photocurrent efficiency for the detector

FIG. 2. A partial band diagram for the HEIWIP detector with the workfunc- Was determined by dividing the photocurrent by the number

tion A and the effective width of the zero field regidindicated. of incident photons, resulting in an efficiency of 24% for the
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HEIWIP detector at 2Qum, a 100% improvement on the best voltage dropedE. Then the fitting parameters arg,= «
HIWIP result reported to date of 12.5¢Ref. 3 for a sample +ew?2 and ay=a+ed. The condition for HEIWIP dark
with the same number of layers and similar thicknesses. current to be better than that for the QWIP is thenw/2, a

The increased* compared to that of QWIPs can be condition which should be satisfied under operating fields
understood by looking at the dark current and the absorptiosince charge will accumulate at the edges of the emitters in
guantum efficiency. For the HEIWIP structure the dark cur-HEIWIPs. Thus the HEIWIP dark current is expected to be
rent can be predicted by a 3D carrier drift mddgiven by better than that for QWIPs due to increased capture/escape
from the wells and a reduced barrier lowering effect. The

ju=e KHE 2 (Mykg T/2712)3? dark current for a =28 um QWIP was already larger than
[1+(nE/vsa)’] the dark current observed for the=65um HEIWIP detec-
X exp — (A— ayE)/kgT), (1 tors. At longer wavelengths absorption quantum efficiency

_ - _ o ) strongly favors the HEIWIP structure over the QWIP con-
where w is the mobility, E is the electric fieldvsais the  cept. The free-carrier absorption coefficiemtis ~NpAN
saturation drift velocitymy, is the carrier effective masa,is  \yhereNy is the 3D doping density an~2—3 for wave-

the activation energy, and, is a fitting parameter that de- |engths shorter than-8—12um (Ref. § and N~0 for
termines the effective barrier Iowgring. Model results for thejonger wavelength®.For the QWIP the absorption coeffi-
detector at 21 and 31 K using.=80Cnf/Vs™, ay  cient isa~NZ2P with the 2D doping densiti2® being cho-
=80A, andA of 19.5 meV for forward bias and 19.0 meV sen to make the Fermi energkgT to achieve the best re-
for reverse bias are shown in Fig. 1 and indicate a reasonablg,onsivity atTg, p. SinceTg,p Will decrease as the desired
fit. The small difference in barrier height for different polari- \ayelength range increases the absorption of QWIPs de-
ties can be due to possible variations in the Al fraction at the;igned for long wavelengths will decrease. Thus both dark

two ends. Although the same result should be valid for Hl-c\;rrent and absorption favor the use of HEIWIPs over
WIPs, the experimentally observed dark currentistwo  Gwps for long wavelength detection.

orders of magnitude larger than that for HEIWIPs. This im- ~ The comparison of the first set of HEIWIP detectors to

provement is probably related to differences in the barriefne cyrrent state-of-the-art Si:As, Si:Sh, and Ge:Ga detectors
Iowerin.g parameter. This parameter reflects diffgrent CausEsed in the far-infrared range is encouraging. For HEIWIPs
of barrier lowering, such as space charge, the image forcgnotocurrent quantum efficiency was 24%, near the 25% ob-
effect, and interface thickness, related to the transition fromained for Si BIB detectors to be used in the FORCAST
highly doped emitters to an undoped barrier. Both HEIWIPS;3mera for SOFIA. The responsivity is also comparable to

and HIWIPs are grown by MBE, however, the larger spacgne values of 10-50 A/W for the stressed Ge:Ga detectors
charge at the interface for HIWIPs will lead to effectively being developed for use in FIFI LS in SOFIA.

thicker interfaces, giving higher dark currents. For a QWIP

structure the dark current is given®y This work was supported in part by the NSF under Grant
m No. ECS-98-09746 and by NASA under Grant No. NAG5-
jQ:eﬁ_‘ngT expl — (A — agE)/kgT), (2)  4950. The work at NRC was supported in part by Depart-
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ment of National Defense. The authors thank P. Chow-
wheremy, is the carrier effective mass; is the time for a Chong and P. Marshall for device fabrication and S. J. Rolfe

carrier to cross the well, andg, is the barrier lowering pa- for SIMS measurements.

rameter for the QWIP. Since the activation energy is prima-

rily determined by the desired, for both detectors a com- | _
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