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Results are reported onp-GaAs homojunction interfacial work function internal photoemission far
infrared~HIWIP FIR! detectors with a;1019 cm23 carbon doped single emitter and a barrier layer
for three different barrier thicknesses. A remarkably high quantum efficiency with low dark current
and an increased responsivity were observed for devices with 1-, 0.1-, and 4-mm-thick barrier
regions. The dark current densities for these structures are on the order of 1 – 10mA/cm2 at 4.2 K,
corresponding to a high dynamic resistance compared with previous HIWIP FIR detectors. A
detector with a barrier thickness of 1mm had a peak responsivity of 18.6 A/W, a peak detectivity
D* 5931011 cmAHz/W, and a quantum efficiency of 40% at a wavelength of 58mm under a
reverse bias measured at 4.2 K. Cutoff wavelengths of these detectors vary with bias and are around
70 mm as expected. The main features of the absorption and responsivity spectra are well described
based on a model incorporating free carrier absorption, hot hole transport, and emission over the
barrier. © 2004 American Institute of Physics.@DOI: 10.1063/1.1632553#

I. INTRODUCTION

Single element high performance far-infrared~40–200
mm! semiconductor detectors and large focal plane arrays are
used for space astronomy applications, such as NASAs
Space Infrared Telescope Facility program.1 Present far in-
frared ~FIR! detectors in use or under development for this
wavelength range are extrinsic Ge photoconductors~stressed
or unstressed!,2 and Ge3 and Si4 blocked-impurity-band
~BIB! detectors. There are many technological challenges for
fabricating Ge large format arrays, and GaAs BIB detectors
are still in the developmental stages.

The basic structure of the homojunction interfacial work
function internal photoemission~HIWIP! detector5 consists
of a heavily doped emitter layer and a barrier layer which is
sandwiched between the conducting layers. Forp-type struc-
tures the interfacial work function,D, is the offset between
the Fermi level of the emitter and the valence band edge of
the barrier, which arises due to the band gap narrowing of
highly doped emitter layer. The detection mechanism in-
volves free hole absorption in the emitter layer, followed by
the internal emission of photoexcited carriers across the junc-
tion barrier. These photoemitted carriers are swept out of the
active region by the electric field and are collected at the
contact. Initially it was believed that, in principle, GaAs FIR
detectors could be designed with arbitrarily long cutoff
wavelength@lc (mm)51.24/D (eV)#,6 sinceD can be made

arbitrarily small with increased doping concentrations due to
metal–insulator~Mott! transition.7 As shown previously the
lc was tunable from 76 to 85mm by varying the Be doped
emitter layer concentration from 131018 to 331018 cm23.8

However, in practice the heavy-hole to light-hole transition
in the valence band of highly doped emitter region limits the
lc value to;100mm.9 Here, carbon doped GaAs HIWIP
FIR detectors with different barrier thicknesses, having alc

around 70mm with high quantum efficiencies are reported.

II. EXPERIMENT

The HIWIP samples were grown by the metalorganic
chemical vapor deposition technique at 610 °C on a semi-
insulating GaAs~100! substrate. The structures consist of a
bottom contact (p11) layer, a barrier layer, an emitter (p1)
layer, and a top contact layer as shown in Fig. 1. Three single
emitter layer structures~RU001, RU002, and RU003! with
carbon as the dopant were processed. The layer parameters
~thickness and doping level! of the samples shown in Table I
were confirmed by secondary ion mass spectroscopy~SIMS!.
Mesas with different optical window areas were processed
for responsivity characterization. The top contact and a part
of the emitter layer were etched out, leaving about 800-Å-
thick emitter regions in each sample.

Thep-GaAs HIWIP FIR detectors were characterized by
I–V and responsivity measurements. Here, forward bias re-
fers to a positive voltage on the top contact while the reverse
bias refers to a positive voltage on the bottom contact. Trans-a!Electronic mail: uperera@gsu.edu
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mission and reflection measurements were performed with a
resolution of 4 cm21 for unetched samples using a Perkin–
Elmer system 2000 Fourier-transform infrared spectrometer
with a Si composite bolometer as the reference. Transmission
was measured at normal incidence, and reflection at an inci-
dence angle of around 8°. Absorption spectra were obtained
as the difference between unity and the sum of the reflection
and transmission spectra.10

III. RESULTS AND DISCUSSION

The dark current for the detectors at 4.2 K is shown in
Fig. 2. Inset~i! shows the dark current in the narrow range of
the electric field from20.02 to 0.02 V/mm. The sharp in-
crease in the dark current for RU001 at an electric field of
;0.01 V/mm could be attributed to tunneling associated
with the material defects.11 Defect formation increases for
thicker layers even for low defect materials such as GaAs.12

However, the dark current in the bias region of operation is
still low and the overall performance of the detectors is not
affected.

The Arrhenius plots for determining the barrier heights
under the forward electric fields of 0.005, 0.3, and 0.1 V/mm
for samples RU001, RU002, and RU003, respectively, are

shown in the inset~ii ! in Fig. 2. The forward bias Arrhenius
plot for RU002 indicates a barrier height of 14 meV while
the reverse gives a barrier height of 17 meV, by extrapolating
the experimental data to zero electric field. For samples
RU001 and RU003 no difference was observed in the barrier
height for forward and reverse bias. As seen from Table I, the
difference between the doping concentration of the emitter
(0.531019 cm23) and the bottom contact (331019 cm23) is
largest for sample RU002, which produces a built-in electric
field in the barrier that was estimated to be about 0.2 V/mm.
The barrier lowering due to this internal field is about 5 meV
at the emitter-barrier interface. This barrier lowering and the
band gap narrowing, according to the high density theory,5

will form different barriers for the forward and reverse bias
cases.

The electric field dependence of the effective barrier
height for the three samples under forward bias is shown in
Fig. 3. Sample RU001 has a sharp drop in barrier height at a
field strength of 0.01 V/mm limiting the operating field,
which is directly related to the increasing dark current dis-
cussed before. Samples RU002 and RU003 also show slow
barrier lowering with increasing field due to the image force
lowering,5 and their lc is expected to vary with the bias
voltage.

Room temperature experimental and calculated absorp-
tion spectra for unetched pieces from the same wafers as the
detector samples RU001, RU002, and RU003 are shown in
Fig. 4. The calculations were based on Drude model for the

FIG. 1. Schematic of thep-GaAs single emitter HIWIP detector after pro-
cessing.p11, p1, and barrier are the contact layer, emitter layer, and barrier
layer, respectively. A window is opened on the top for frontside illumination.
The three structures RU001, RU002, and RU003 have 4-, 0.1-, and 1-mm-
thick barrier region, respectively.

TABLE I. Main parameters for the three device structures as grown, and confirmed by SIMS measurements.
Here, Ntc (Wtc), Nem (Wem), Nb (Wb), and Nbc (Wbc) are the doping concentration~thickness! of the top
contact, emitter, barrier, and bottom contact of the single emitter structure, respectively.

Sample
Wtc

~nm!
Ntc

1019 cm23
Wem

~nm!
Nem

1019 cm23
Wb

~mm!
Nb

1017 cm23
Wbc

~mm!
Nbc

1019 cm23

RU001 120 5.9 200 1.6 4.0 2 1 3.0
RU002 150 5.0 200 0.5 0.1 3.0 1 3.0
RU003 120 5.3 200 1.5 1.0 1.8 1 2.0

FIG. 2. Dark current curves for the three structures at 4.2 K. The asymmetry
in the dark current curves is due to nonuniformity in the structures. The
rapid rise of dark current in RU001 can be attributed to defects in the barrier.
Inset ~i! shows the dark current behavior in enlarged scale. Inset~ii ! shows
the Arrhenius plots under the forward electric fields 0.005, 0.3, and 0.1
V/mm for samples RU001, RU002, and RU003, respectively.
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interaction of radiation with free carriers and optical phonons
in the frame of Lorenz model.13 A two component free-
carrier plasma consisting of heavy holes~HH! and light holes
~LH! was considered. Although the light hole is only about
5% of the total concentration, the high mass ratio~7:1! of
HH:LH causes the plasma frequencies for both carriers to be
of the same order.14 Details of the model and calculation of
the optical electric field distribution across the structure, and
reflection/transmision calculations of the structure were de-
scribed in Ref. 15. Thickness and doping level for the struc-
tures were obtained by fitting the calculated transmission and
reflection spectra to the experimental results. These values
are within 5% of the design parameters.

Resonant cavity enhancement,10 attributed to the Fabry–
Pérot interference, is expected in these structures due to re-
flection from highly doped emitter and bottom contact layers.
The resonance wavelength can be estimated by the expres-
sion

(
j

Re@nj~l!#dj5~l/4!~2m21!, m51,2,3 . . . , ~1!

where Re(nj) is the real component of the refractive index of
the j th layer,dj is the thickness, and the summation is car-
ried throughout the layers in the structure.

For sample RU001, taking the total thickness of the
structures and the mean refractive index into account, the
first (m51) and second (m52) order absorption peaks were
calculated to be at 68 and 23mm, respectively. The first
order resonance absorption peak at 68mm can be seen~in-
dicated by arrow! in Fig. 4. The second order peak for
RU001 and the first order peak for samples RU002 and
RU003~about 14.5 and 26mm, respectively! are outside the
measured spectral range. The sharp drop at 37mm is due to
high reflection at the reststrahlen band from GaAs caused by
the strong photon-optical phonon interaction.

Strong bias dependence of the experimental responsivity
for three structures is shown in Figs. 5 and 6. Maximum
responsivity is achieved at electric fields of 0.005, 0.2, and
0.125 V/mm for forward bias and at 0.012, 0.2, and 0.25
V/mm for reverse bias for samples RU001, RU002, and
RU003, respectively. As expected from the dark current be-
havior, the performance of sample RU001 degrades as the
field approaches 0.01 V/mm, which was attributed to the high
defect density in the barrier region. A resonance cavity peak

FIG. 3. The change in the effective barrier height as the forward electric
field varies in the structures at temperature 4.2 K. The sample with 4-mm-
thick barrier region has an almost constant barrier up to 0.01 V/mm and then
decreasing sharply, whereas the other two samples show expected behavior
of bias variation due to the image force lowering. This increases the dark
current in RU001 sharply as compared to the samples RU002 and RU003
with 0.1- and 1-mm-thick barrier regions as shown in Fig. 2.

FIG. 4. The experimental~solid line! and calculated~dashed line! absorp-
tion spectra at room temperature for the samples with different barrier thick-
ness. The absorption measurements were done for pieces without top-
contact etching. RU001 has a 4-mm-thick barrier region and the others,
RU002 and RU003, have 0.1- and 1-mm-thick barriers, respectively. The
first order cavity peak for structure RU001 is around 68mm, and is marked
by an arrow. Higher order peaks for sample RU001 and peaks of all orders
for samples RU002 and RU003 are outside the range of measurements.

FIG. 5. The experimental responsivity spectra for detectors at 4.2 K under
different forward electric fields. Maximum responsivity is at 34mm, and its
value are 3.3, 1.4, and 4 A/W for detectors RU001, RU002, and RU003,
respectively. The first order cavity peak for detector RU001 is around the
cutoff wavelength. The sharp drop around 37mm is due to the high reflec-
tion in the reststrahlen band. Arrows 1 and 2 indicate the transitions between
the ground and the excited impurity~carbon! states. Arrow 1—transition
1S3/2(G8)→2P5/2(G7), arrow 2—transition 1S3/2(G8)→2P5/2(G8) ~see
Ref. 16!.
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was observed around 68mm in the absorption spectum of
sample RU001 presented in Fig. 4. However, this was not
observed in the responsivity spectra due to photoemission
drop around thelc of 70 mm.

Detector RU001 has a peak responsivity~at 34 mm! of
3.3 A/W and 3.5 A/W, D* 51.631011 and 1.7
31011 cmAHz/W, and quantum efficiency 12% and 12.8%
for forward ~0.005 V/mm! and reverse~0.012 V/mm! bias,
respectively. Even though this sample has a 4-mm-thick bar-
rier region, the 1-mm-thick bottom contact compared to an
800-Å-thick emitter layer maintains a high carrier generation
rate in the bottom contact. This leads to the same order of
responsivity observed for both bias directions. This detector
can be used as a wide band detector in the range 40–65mm
with an average responsivity of 0.7 A/W.

The responsivity for the structure with 1mm barrier re-
gion ~RU003! has a strong bias dependence, increasing sig-
nificantly with the bias. However, the bias cannot increase
indefinitely as the dark current also increases with bias. At 34
mm, it has a peak responsivity of 7.4 A/W~4 A/W! giving a
quantum efficiency of 27.2%~14.7%! and a detectivityD*
of 3.631011 cmAHz/W (1.931011 cmAHz/W) for 0.15
V/mm reverse~0.125 V/mm forward! bias. This detector
shows a broad spectrum with an average responsivity of 3
A/W in the range 40–60mm.

Responsivity peaks were observed, for forward and re-
verse bias spectra, at wavelengths 57 and 63mm for all
samples. They can be attributed to the hole transitions from
the ground state to the excited impurity states in the rela-
tively low-doped barrier layers. It has been shown, from the

photoconductivity measurements, that the wavelength corre-
sponding to transitions from the ground to the third excited
impurity state@1S3/2(G8)→2P5/2(G7)# is 58.2mm and from
the ground to the second excited state@1S3/2(G8)
→2P5/2(G8)# is 63.9 mm.16 The degenerate excited state
2P5/2 splits into two states, 2P5/2(G7) and 2P5/2(G8), under
the ‘‘spin-orbit’’ interaction in accordance with the point
group symmetry in the zinc-blende structure of GaAs, that
are denoted by the notations (G7) and (G8).17 The wave-
length corresponding to the transition from the ground state
to the first excited state is 81mm and lies outside thelc .

At low temperaturesT, the carriers have insufficient
thermal energy (kT, wherek is the Boltzmann’s constant! to
occupy the excited states; hence, the ground state is mostly
occupied. The enhancement of the photocurrent at these
wavelengths is due to the transitions from the ground to the
excited states and subsequent tunneling in the valence band
through the barrier formed by the Coulomb potential of the
acceptor and the external electric field. The last transition has
a strong dependence on the electric field. As seen in Figs. 5
and 6, the strongest transitions were observed at the highest
field. The small deviation in the peaks for sample RU002 and
RU003 may be due to the Stark shift of the impurity levels
caused by high electric field.

Increased responsivity in the 40–50mm region due to
transitions from the ground to the valence band is shown in
Figs. 5 and 6. In accordance with Ref. 16 the ground state of
the impurity lies at 26.9 meV above the valence band; there-
fore, the transition from the impurity ground to the valence
band states would be expected around 46mm. Transitions
from the ground state to higher excited states (1S→3P) and
from the ground state to continuum, in the range 40–50mm,
have also been observed.16 They are more pronounced at low
temperatures due to increased probability of ground-state oc-
cupation.

Peak responsivity, quantum efficiency, and detectivity of
single emitter samples RU001, RU002, and RU003 are com-
pared with another sample 9604 having 20 periods of
emitter/barrier structure~total thickness of the emitters is 0.3
mm!, reported previously,18 as shown in Table II. Even
though all three present detectors are single emitter struc-
tures, the responsivity is much greater than the multilayer
structures that have been previously demonstrated.19 These
detectors have alc of about 65–70mm, which agrees with
the interfacial work function calculated from the Arrhenius
plots.

The main parameters of the detectors~responsivity,
quantum efficiency, and detectivity! at wavelengths corre-
sponding to transitions from the ground to excited impurity
states are presented in Table III, indicating the highest re-
sponsivity for sample RU003. The low responsivity in
RU001 is due to the high density of defects present in the
structure preventing the operation at comparable electric
fields. Sample RU002 has the lowest number of impurities
due to its thin barrier region. As a result, it has the lowest
responsivity.

The energy of plasma oscillations for the 5
31018 cm23 doped emitter layer of sample RU002 is\v
533.6 meV, while the optical phonon energies are\vTO

FIG. 6. The experimental responsivity spectra for detectors at 4.2 K under
different reverse electric fields. Maximum responsivity is at 34mm, and its
value are 3.5, 3.6, and 7.4 A/W for detectors RU001, RU002, and RU003,
respectively. The first order cavity peak for detector RU001 is around the
cutoff wavelength. The sharp drop around 37mm is due to the high reflec-
tion in the reststrahlen band. Arrows 1 and 2 indicate the transitions between
the ground and the excited impurity~carbon! states. Arrow 1—transition
1S3/2(G8)→2P5/2(G7), arrow 2—1S3/2(G8)→2P5/2(G8) ~see Ref. 16!.
High responsivity at 58mm for sample RU003 is due to higher electric field
and higher probability of the transition from the ground to the excited state.
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533.2 meV and\vLO536.1 meV. This produces a strong
coupling between plasma oscillations and polar lattice vibra-
tions giving rise to a plasmon with high damping, renormal-
izing the plasmon frequency,20 and changing the free carrier
absorption mechanism. The energy of plasma frequencies for
samples RU001 and RU003 are 60.2 and 58.3 meV, respec-
tively, shows the difference between the plasma and phonon
frequencies for these samples is greater than for RU002, pro-
ducing a weak phonon-plasmon coupling.

The responsivity calculations were performed by consid-
ering photoexcitation of holes in the emitter, photoemission,
and hot-hole transport. Total quantum efficiency is the prod-
uct of photon absorption, internal photoemission, and hot-
hole transport probabilities,h5hah ih t . Responsivity at
wavelengthl is given by

R5h
q

hc
l, ~2!

where q is the electron charge,c is the speed of light in
vacuum, andh is Planck’s constant. The quantum efficiency
of the internal photoemissionh i and hot-hole transporth t

were calculated using the model described before.5

The photon absorption probabilityha is defined as the
fraction of the incident light that is absorbed by the free
holes in the emitter and is calculated from the expression

ha52
v

c
Im@«~v!#

1

uE0u2 E0

W

uE~x!u2dx

52
v

c
Im@«~v!#

uEu2

uE0u2
W, ~3!

where Im@«(v)# is the imaginary part of the dielectric con-
stant,v is the frequency,v/c52p/l is the wave number of
the incident light,E is the electric field of the electromag-
netic wave inside the layer,E0 is the electric field of the
incident radiation, andW is the thickness of the emitter layer.
The dielectric constant«(v) has two additive parts describ-
ing the light interaction with the free carriers and optical
phonons. In Eq.~3! only the energy dissipation of the inci-
dent radiation by the free carriers is included, since only the
photoexcited carriers contribute to photocurrent. Energy dis-
sipated by phonon generation goes into the crystal lattice.
The value ofha is proportional to the mean square of the
optical electric field in the structure. A calculation of the
electric field distribution across the structure was carried out
taking both the free carrier and optical phonon contributions
to the permittivity into account. Formation of the standing
waves in a structure has been discussed in detail before.15

The calculated and experimental spectral response mea-
sured at 4.2 K under forward and reverse bias are shown in
Figs. 7 and 8, respectively. Since the model does not include

TABLE II. Figures of merit ~peak responsivity, quantum efficiency, and detectivity! for the single emitter
detectors RU001, RU002, and RU003 at 34mm compared to the multiemitter detector 9604. The thickness of
the emitter~800 Å! and the bottom contact~1 mm! for all three single emitter detectors are the same. Detector
9604 has 20 periods of emitter/barier structures~total thickness of the emitters is 0.3mm! and the peak
responsivity is at 34mm ~see Ref. 18!.

Sample
No.

Peak responsivity
~A/W!

Quant. efficiency
~%!

Detectivity
10113cmAHz/W

Forward Reverse Forward Reverse Forward Reverse

RU001 3.3 3.5 12 12.8 1.6 1.7
RU002 1.4 3.6 5 13.3 0.7 1.7
RU003 4 7.4 14.7 27.2 1.9 3.6
9604 3.1 ¯ 12.5 ¯ 0.5 ¯

TABLE III. Figures of merit ~peak responsivity, quantum efficiency, and detectivity! for the single emitter detectors RU001, RU002, and RU003 at
wavelengths 58 and 64mm, corresponding to transitions from the ground to the third and from the ground to the second excited states of the impurity~carbon!,
respectively. The maximum responsivity is achieved for the sample RU003, whereas high density of defects would not allow the electric field to be increased
significantly for the sample RU001, and sample RU002 has the lowest barrier thickness resulting in the lowest number of the impurities.

Sample
No.

Peak responsivity
~A/W!

Quant. efficiency
~%!

Detectivity
10113cmAHz/W

Forward
mm

Reverse
mm

Forward
mm

Reverse
mm

Forward
mm

Reverse
mm

58 64 58 64 58 64 58 64 58 64 58 64

RU001 0.33 0.23 0.96 1.0 0.7 0.4 2.1 1.9 0.16 0.11 0.47 0.49
RU002 0.51 0.6 0.91 0.70 1.1 1.2 2.0 1.4 0.25 0.29 0.44 0.34
RU003 2.18 1.21 18.6 9.51 4.7 2.4 40.0 18.6 1.06 0.59 9.04 4.62
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any electric field effects, the comparison with calculations
was done for the low-bias experimental results. The calcula-
tions were carried out using the structure parameters~thick-
nesses and doping concentration! obtained by fitting the ex-
perimental reflection/transmission spectra to the calculated
spectra. The emitter layer was 800 Å, which was the thick-
ness remaining after the etching process. A reasonable agree-
ment between experimental and calculated curves is ob-
served in Figs. 7 and 8. The peak at 34mm and the sharp
drop at 37mm are due to the interaction of radiation with LO
and TO optical phonons and the variation of the optical elec-

tric field in the emitter and bottom contact as discussed later.
The peaks at 58 and 64mm, and the increased responsivity in
the 40–50mm spectral range in the experimental curves are
due to transitions from the ground to the excited states of the
impurity and from the ground to the valence band that were
not included in the theoretical model.

The forward and reverse bias responsivity at low electric
fields for sample RU002, having a 0.1mm barrier layer
thickness, is the lowest compared to the other two samples as
shown in Figs. 7 and 8. This is due to the low optical electric
field in the emitter. In accordance with the boundary condi-
tions, tangential component of the electric field of the total
incident and reflected waves must be zero at the surface of
the highly conducting bottom contact. The electric field of
the standing wave formed in the structure increases with the
distance and has a maximum at a distance about a quarter
wavelength from the bottom contact. Since the gap between
the emitter and the highly doped bottom contact is the small-
est for sample RU002, it has the lowest resultant optical
electric field in the emitter. This leads to a very low photon
absorption probability in accordance with Eq.~3!, and there-
fore the loss in the responsivity.

This conclusion is confirmed by optical electric field cal-
culations for these structures. The spectra of the normalized
mean square optical electric field across the emitter and the
bottom contact layers are shown in Fig. 9. The field for
sample RU002 is the lowest compared to the others. This
together with the lowest emitter concentration, leads to the
lowest responsivity. The sharp drop at wavelength of 36.7
mm ~where the permittivity drastically increases! is due to
TO phonons. At the wavelength of LO phonons~33.9 mm!
the permittivity is almost zero, creating a high electric field,
which produces a responsivity peak in the experimental
curves in Figs. 5 and 6. The first order resonance cavity peak

FIG. 7. Variation in responsivity with wavelength under forward bias at 4.2
K. Solid lines—experimental curves, dashed lines—calculated curves. The
matching is done at electric fields 0.005, 0.05, and 0.15 V/mm for samples
RU001, RU002, and RU003, respectively. Responsivity dip at 37mm is due
to high reflection in the reststrahlen band.

FIG. 8. Responsivity vs wavelength under the reverse bias at 4.2 K. Solid
lines—experimental curves, dashed lines—calculated curves. The matching
is done at electric fields 0.005, 0.05, and 0.15 V/mm for samples RU001,
RU002, and RU003, respectively. The dip at 37mm is due to the GaAs
reststrahlen band reflection.

FIG. 9. Calculated mean square of optical electric field across the emitter
and bottom contact layers of the three samples. The lowest electric field
produced the lowest responsivity for sample RU002. Sharp drop at TO
phonon frequency~36.7mm! is due to the sharp increase of the permittivity
in the vicinity. The peak electric field at LO phonon frequency~33.9mm! is
due to the dropping of permittivity to zero. The drop and rise of electric field
result in the drop and rise of the responsivity as in the Figs. 5 and 6.
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was seen at 68mm for sample RU001. The second order
peak for this sample and the first order peak for samples
RU002 and RU003 are outside the measured spectral range,
as indicated earlier. The small peak shift, towards the short
wavelength from 33.9mm, for sample RU001 is due to the
contribution of the strong second order resonant cavity peak
at around 23mm. The optical electric field in the emitter is
less than that in the bottom contact for all samples as seen in
Fig. 9. The relative magnitude of the responsivity for for-
ward and reverse directions~photogeneration of holes in the
emitter and the bottom contact, respectively! depends on the
relative values of the optical electric fields, thickness, and the
hole scattering length.

The optical electric field distribution of the standing
wave across the structures for 34mm is shown in Fig. 10.
The maximum intensity is obtained at the emitter surface and
the field in the bottom contact is very low for all samples.
Sample RU002 has a relatively low electric field inside the
barrier and at the surface, resulting in the lowest responsiv-
ity. Since the skin depth corresponding to 34mm is greater
than the thickness of the emitter and the bottom contact, the
sample would allow the radiation to penetrate into the sub-
strate.

From Eq.~3!, photon absorption probability in the layers
depends not only on the electric field, but also on the imagi-
nary part of the dielectric constant depending on the doping
concentration. The distribution of generation rate, defined as
the attenuation rate ofha across the structure, for 34mm
radiation is shown in Fig. 11. Sample RU002 has the lowest
generation rate in the emitter leading to the lowest respon-
sivity. This is due to the weak optical electric field in the
emitter and its low doping concentration. As shown in Fig.
11, in contrast to the emitter, the generation rate in the bot-
tom contact is nonuniform, and this was taken into account
for the responsivity calculation.

IV. CONCLUSION

In summary, HIWIP detectors with enhanced responsiv-
ity, low dark current, and remarkably high quantum effi-
ciency have been observed. Even though all detectors are
single emitter layer structures, the responsivity is greater
than for the previously demonstrated multilayer structures.
Responsivity and cutoff wavelength show a strong bias de-
pendence. The main features of the absorption and respon-
sivity spectra are well described by the model of free heavy/
light hole absorption, photoemission, and hot carrier
transport. Increased responsivity at range 40–60mm is due
to transitions from ground to excited states of the impurity.
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