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Abstract

The variation in spectral shape around the threshold frequencies between model and experimental responsivity spectra in heterojunc-
tion interfacial workfunction internal photoemission (HEIWIP) infrared detectors was investigated. This is attributed to the loss of
photoexcited carriers, within the escape cone, prior to photoemission. The energy dependent transmission of excited carriers is incorpo-
rated to the existing photoemission model to show that emission around the threshold frequency is reduced considerably by quantum
mechanical reflection of photoexcited carriers as observed in experimental results. In the new model, the photoemission of carriers
become bias dependent.
� 2006 Elsevier B.V. All rights reserved.

PACS: 85.60.Gz; 79.60.�i; 78.66.�w
1. Introduction

In order to extend the threshold wavelength of homojunc-
tion [1] and heterojunction internal photoemission detectors
[2], besides exploring ways to design interfacial barriers for
photoelectric conversion of Terahertz photons, the escape
mechanism of carriers excited by these photons also needs
to be studied and validated. Many internal photoemission
based detector models use an escape cone mechanism to cal-
culate photoemission efficiencies, and to define their thresh-
old wavelength [3,4], where the detector responsivity goes to
zero. According to this model, the response around the
threshold wavelength should have a a reasonable rise, at
least for short wavelength detectors. Experimental results
of internal photoemission detectors, however, do not show
this expected behavior. Additionally, the experimental
response around the threshold wavelength has been weaker
than that predicted by the existing models. Therefore, this
paper presents a modified photoemission model which takes
the loss arising from quantum mechanical reflection of
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photoexcited carriers into account. The material combina-
tion used in the detectors studied, GaAs/AlGaAs, allows
us to assume isotropic condition for the effective mass of car-
riers, and the high doping density used in the emitters allows
treating the free carrier population as an electron gas.

The experimental results for both short wavelength and
long wavelength designs support the proposed photoemis-
sion model. The photoemission loss of excited carriers con-
siderably reduces the response around the threshold
wavelength for both short- and long-wavelength designs.
Meanwhile, the dynamic resistance of long wavelength
detectors (k0 � 80 micron) is generally low (� from 500
to 1000 X even at liquid Helium temperature) due to their
low interfacial workfunction (�15 meV), thereby leading to
low photovoltage signals, especially, around the threshold
wavelength. Therefore, although one expects to see the
designed threshold, this is masked by noise, causing
the practical threshold of the detector be determined by
the noise floor of the measurement setup. In general, for
heterojunction interfacial workfunction internal photo-
emission (HEIWIP) detectors, the threshold does not vary
with the applied bias due to the absence of space charge [5].
However, some long wavelength HEIWIP designs have
shown a variation with the applied field [6], due to the fact
that both the signal and the measurement noise floor
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increases with the bias. In long wavelength HEIWIP detec-
tors, where one could notice the increase in threshold with
the applied bias [6], the competition between the increasing
detector signal and the increasing noise limits the observed
threshold wavelength well within the designed value.

The paper also discusses the elongation of the designed
threshold in a short wavelength p-type HEIWIP detector.
The observed threshold change may be due to photoelectric
conversion of carriers tunneling through the barrier. In
addition to the photoexcited carriers distributed within the
escape cone, the photoemission model should also include
the contribution to emission probability from photoexcited
carriers (with a nonzero velocity component towards the
interfacial barrier as well) tunneling through the barrier.
Including this, however, is tedious, and needs quantum
mechanical treatment of the scattering events prior to pho-
toemission. To be consistent with the above argument an
elongation of the threshold wavelength for the long wave-
length (THz) detectors is expected too. However, the afore-
mentioned practical reasons limit such observations.
Fig. 1. (a) The diametral cross-section of the constant energy surface for a
single valley of the emitter. The material is assumed to be isotropic for
carrier transport, hence the density of state mass is similar to the effective
mass. The shaded innermost volume corresponds to the free carrier
density, the volume enclosed by the shells E = max(EF,hm) and
E = (EF + hm) corresponds to the excited carrier density, and the volume
of the shaded spherical cap corresponds to the emitted carrier density. The
escape cone is defined by the half angle h, where h ¼ cos�1ðjkperp j

jkj Þ. Here,

jkperpj is fixed by the interfacial workfunction, jkperpj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðEFþDÞ
p

�h . The
plane ky = jkperpj defines the threshold for photoemission. (b) The
photoemission probability of excited carriers with states in the spherical
cap. This shows a rise around the threshold wavelength. The workfunction
corresponds to 15 lm.
2. Internal photoemission: present versus modified

2.1. Present model

The responsivity of an IWIP (interfacial workfunction
internal photoemission) detector depends on the internal
photoemission quantum efficiency gi. The ideal emission
probability, gIdeal, is described by an escape cone model,
which is defined as the fraction of excited carriers that
has sufficient kinetic energy, associated with the momen-
tum component (p0) normal to the interface, for emission.
This is given to the first order by the modified Fowler yield
equation for the case EF� hm and hm� D as

gIdeal ¼
ðhm� DÞ2

8EFhm
: ð1Þ

According to this model, hot carriers directed outside
the escape cone, defined by p2

o ¼ 2m�ðEF þ DÞ, will emit
only if they get redirected into the cone by scattering events
or reflection by the emitter film walls. These scattering
events and wall reflections were incorporated into Eq. (1)
by Vickers [7] and Dalal [8], independently. The assump-
tion made in their work, i.e., energy lost due to hot carrier
and phonon collisions, was taken in to consideration by
Mooney and Silverman in improving the model [9] later.
In a previous study, the internal photoemission efficiency
for SiGe/Si HIP detectors was obtained using different
effective masses for the strained SiGe doped absorber/emit-
ter layer and the Si-substrate [10,11]. For non parabolic
bands the effective mass is a function of the carrier energy.
All these papers have ignored the fraction of carriers that
have states within escape cone, lost due to quantum
mechanical reflection.

For an isotropic material, the energy shells of photoex-
citation and photoemission are shown in Fig. 1(a). The
shaded innermost volume corresponds to the free carrier
density and the volume enclosed by the t shells E = max
(EF,hm) and E = (EF + hm) corresponds to the excited carrier
density. The photoemitted carrier density corresponds to the
volume of the shaded spherical cap. The escape cone is
defined by the half angle h, where h ¼ cos�1 ðjkperpj

jkj Þ. Here,
jkperpj is fixed by the interfacial workfunction,

jkperpj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ðEFþDÞ
p

�h . The plane ky = jkperpj defines the
threshold for photoemission. The photoemission probabil-
ity of a p-type HEIWIP detector designed for k0 = 15 lm is
shown in Fig. 1. According to the ‘‘escape cone’’ model, the
increase in emission probability corresponding to near
threshold photons is larger than observed in experiments.

The maximum emission efficiency is defined as the ratio
of the number of hot carriers that can be potentially cap-
tured to number of photoexcited carriers. For both
D < EF and D > EF cases, the ideal (gIdeal) and maximum
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(gM) emission efficiencies of excited carriers are given by
the following sets of equations.

For D > EF:

gIdeal ¼ 0ðE 6 DÞ; ð2Þ

gIdeal¼
3

4

�
2
3
� ðEFþEÞ1:5�ðEFþDÞ1:5
h i

�ðE�DÞ � ðEFþDÞ0:5

ðEFþEÞ1:5�E1:5
;

ð3Þ

gM ¼
1

2
� ðEF þ EÞ1:5 � ðEF þ DÞ1:5

ðEF þ EÞ1:5 � E1:5
ðD 6 E < EF þ DÞ;

gIdeal ¼
3

4
�

2
3
� ðEF þ EÞ1:5 � ðEÞ1:5
h i

� EF � ðEF þ DÞ0:5

ðEF þ EÞ1:5 � E1:5
; ð4Þ

gM ¼
1

2
ðEF þ D 6 EÞ:

For D < EF, Eq. (3) breaks in to two different regions while
others remain the same.

gIdeal ¼
3

4

�
2
3
� ½ðEFþEÞ1:5� ðEFþDÞ1:5� � ðE�DÞ � ðEFþDÞ0:5

ðEFþEÞ1:5�E1:5
F

;

ð5Þ

gM ¼
1

2
� ðEF þ EÞ1:5 � ðEF þ DÞ1:5

ðEF þ EÞ1:5 � E1:5
F

ðD 6 E < EFÞ;

gIdeal¼
3

4

�
2
3
� ½ðEFþEÞ1:5�ðEFþDÞ1:5�� ðE�DÞ � ðEFþDÞ0:5

ðEFþEÞ1:5�E1:5
;

ð6Þ

gM ¼
1

2
� ðEF þ EÞ1:5 � ðEF þ DÞ1:5

ðEF þ EÞ1:5 � E1:5
ðEF 6 E < EF þ DÞ:

Here, E is the energy of the incident radiation, D is the
interfacial workfunction, and EF is the Fermi energy of
the emitter. The ideal efficiency is modified through scatter-
ing processes involving cold electrons (characterized by the
scattering length, Le), elastic scattering with phonons and
impurities (characterized by the scattering length, Lp),
and multiple reflections of the excited carriers from the sur-
faces of the emitter (from both the emitter/ambient-med-
ium and emitter/barrier walls). These effects have been
incorporated to the emission model in Refs. [7 and 9].
The fraction of hot carriers (g0) captured prior to any bulk
scattering events, is well approximated by:

g0 ¼
L�

W
� ð1� e�

W
L� Þ

1
2 � gIdeal; ð7Þ

where ð1� e�
W
L� Þ

1
2 is the probability of having no scattering

from bulk collisions during multiple traversals within the
emitter (due to reflections of hot carriers from its walls),
and L� ¼ Le �Lp

LeþLp
is the reduced scattering length of a hot

carrier.
The actual photoemission probability (gi) of a hot car-

rier, taking into account the scattering with cold carriers
and phonons, is given by:

gi ¼ g0 þ 1� g0

gM

� �
cg1 þ 1� g0

gM

� �
� 1� g1

gM

� �
c2g2 þ � � � ;

where gn � g0(E � nhm) and c ¼ Le

LeþLp
is the probability that

the hot carrier will collide with a phonon before it collides
with a cold electron. Here, n is the number of scattering
events after which the thermalization ceases for a given
hot carrier.

2.2. Modified model

The proposed model is the convolution of the transmis-
sion probability of photoexcited carriers and the photo-
emission efficiency given by the ‘‘escape cone model’’.
For example, if there is no loss arising from reflection then
the proposed model derives the same probability given by
the escape cone model (gi). According to the proposed
model, the photoemitted carrier density prior to bulk scat-
tering event is given by:

NEmitted ¼
Z EFþhm

maxðEFþD;hmÞ
gðE � hmÞdE

	
Z hmax

0

sin h � T ðE cos2 hÞdh; ð8Þ

where g(E � hm) is the density of initial states, hmax ¼
acosðEFþD

EFþhmÞ defines the escape cone of momentum for carri-
ers with final energy E, and T(Ecos2h) is the transmission
probability of the excited carriers with final energy E and
incident angle h. The transmission T(E,h) = T(ky,F)
depends on the bias drop across a barrier unit as shown
in Fig. 2 and given by [12]:

T ðky ; F Þ ¼
4kIII

p2kI

�
AiðyIÞBi0ðyIIIÞ � BiðyIÞAi0ðyIIIÞ½ �

 

þ kIII

kI

Bi0ðyIÞAiðyIIIÞ �Ai0ðyIÞBiðyIIIÞ½ �2
�

þ k
kI

Ai0ðyIÞBi0ðyIIIÞ � Bi0ðyIÞAi0ðyIIIÞ½ �
�

þ kIII

k
AiðyIÞBiðyIIIÞ � BiðyIÞAiðyIIIÞ½ �

�2
!�1

ð9Þ

where yI ¼ ð 2m
e2F 2�h2 Þ1=3 � ðDEC � EyÞ, yIII ¼ ð 2mC

e2F 2�h2 Þ1=3 � ðDEC�
Ey � eFW 2Þ, and k ¼ �ð2meF

�h2 Þ1=3. Here, m is the effective

mass of the electrons, F is the field in the barrier, Ey is
the y-component of energy of the electrons incident on
the barrier, Ai and Bi are the Airy functions. Here,

kI ¼
ffiffiffiffiffiffiffiffi
2mEy

p
�h and kIII ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mðEyþeFW 2Þ
p

�h .



Fig. 2. A single barrier HEIWIP detector under bias presenting a triangular (or trapizoidal) barrier for the photoexcited carriers. The three regions
represent the wells and the barrier of the detector.
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3. Experiment

The HEIWIP detection mechanism involves infrared
absorption by free carriers in the doped emitter layers fol-
lowed by the internal photoemission of photoexcited carri-
ers across the barrier interface and then collection [4]. A
typical GaAs/AlGaAs HEIWIP consists of a sequence of
alternating GaAs emitters and AlGaAs barriers sand-
wiched between two highly doped contact layers. The spec-
tral threshold, k0 in micron, is given by 1240/D, where D in
meV is the interfacial workfunction. Here, results are
reported on two detectors: One with GaAs emitters
designed for short wavelength (k0 = 15 lm), and the other
with AlGaAs emitters designed for long wavelength
(k0 = 174 lm) operation. The main difference between the
two is the inverted structure used in the long wavelength
design, and the Al fraction of the AlGaAs layers.
The absorption measurement carried out on doped
AlxGa1�xAs epitaxial films with different Al composition,
x, showed that the difference in the absorption coefficient
is minimal. The structure parameters of the two detectors
used in this study are given in Table 1. The HEIWIP struc-
tures were grown by Molecular Beam Epitaxy (MBE) on
semi-insulating GaAs (100) substrates. The samples were
processed by delineating square mesa elements of four dif-
ferent areas from 400 · 400 to 1000 · 1000 lm2 by wet
Table 1
The structure parameters of detectors considered to demonstrate the effects of

Detector Top contact Emitter layer Ba

Type Type W (lm) Ty

1332 p+-GaAs p+-GaAs 0.0188 Al0
V0207 p+-Al0.005Ga0.995As p+-Al0.005Ga0.995As 0.05 Ga

The detector structures are grown on semi-insulating GaAs substrates. Notatio
designed threshold wavelength of the detectors, respectively. The emitter dop
respectively. Both detectors have a top contact thickness of 0.2 lm and a bott
etching techniques. Ti/Pt/Au ohmic contacts were evapo-
rated onto the top and bottom contact layers. Unlike in
previous devices, the top contact was not etched for both
detectors.

The transmission probability of the excited carriers for
the detector designed for k0 = 174 lm (V0207) is shown
in Fig. 3. The x-scale represents the final energy of the
excited carriers and the vertical dashed line represents the
energy corresponding to the top of the barrier. As seen in
the figure, the reflection loss increases for carriers with
energy closer to EF + D. In other words, the photoemission
of carriers excited by photons close to the threshold suffers
a significant loss due to reflection. In the previous model,
the transmission was taken as unity for carriers excited
by any photons below threshold. The loss becomes signifi-
cant when the bias applied across the device is low. This
means that in the presence of system noise, the signal
around the threshold for a long wavelength detector would
be buried within the noise, more so for low fields. This will
result in recording a lower threshold than the detector was
designed for, and also result in observing a threshold vari-
ation with the applied bias field.

This signature has been noticed in V0207 designed for
operation up to 175 lm. The maximum threshold of
128 lm was obtained by taking the average of many spec-
tra for a given field. It was noticed that when the bias
quantum mechanical reflection loss of photoexcited carriers

rrier layer Bottom contact Periods k0 (lm)

pe W (lm) Type

.15Ga0.85As 0.125 p+-GaAs 12 15
As 0.2 p+-Al0.005Ga0.995As 10 174

ns W, N, and k0 denote the layer thickness, emitter/barrier periods, and the
ing density of detectors 1332 and V0207 are 3 · 1018 and 5 · 1018 cm�3,
om contact thickness of 0.7 lm.



Fig. 3. Transmission probability for excited carriers as a function of their
final energy. The energy is measured from the top of emitter valance band.
The different curves show the variation of transmission with barrier field,
which is determined by the bias applied across the device and the number
of emitter/barrier units. The vertical dashed line shows the final energy
corresponding to the threshold of the detector (k0 = 174 lm).
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across the detector was increased, it required more spectra
in order to obtain a mean value for the threshold, which is
a signature of the increasing noise. The shift in threshold
for V0207 is shown in Fig. 4. Although other causes, such
as band bending in the barrier, for this behavior are not yet
ruled out, the combination of carriers generated by near
threshold photons and the increasing system noise with
the bias remains plausible in explaining the variation. As
described above, when the bias increases the loss around
threshold decreases increasing the signal. Therefore, if the
system noise is constant with the bias one would expect
to see an increasing threshold up to the design value. How-
Fig. 4. Semi-log plot of the responsivity spectra, around the threshold
wavelength, for detector V0207. The threshold increases with the bias to a
maximum of 128 lm. Any additional increase in the bias increases the
noise floor disabling to obtain a threshold. The horizontal line segments
intercepting the spectra are shown to indicate the noise levels for different
biases. The full spectra can be found elsewhere [6].
ever, since the noise also increases with the bias the noise
determined threshold cannot increase indefinitely and has
a limit as shown in Fig. 4.

For the short wavelength designs, the effect of reflection
is greater than it is for a long wavelength design. Fig. 5
demonstrates the large loss of excited carriers within the
escape cone due to quantum mechanical reflections. How-
ever typical high dynamic resistance available in these
detectors produces a very good response signal, and the
threshold is not expected to be less than that of design.
Detector 1332 designed for k0 = 15 lm operates up to
16.7 lm. A possible reason for the observed extension is
given in the conclusion. the spectral response of 1332 along
with the response models, generated using the existing pho-
toemission model and the proposed model, are shown in
Fig. 6(a). The spectral shape below �5 lm shoots up due
to photoexcitation of carriers in the light and heavy hole
bands to the split off band of the emitter layers. For GaAs,
this transition is around 3.5 lm. The proposed model gives
a better fit around the threshold wavelength, as shown in
Fig. 6(b), which was evaluated to be 15 lm using SIMS
data. In contrary to V0207, the experimentally determined
threshold is slightly greater than the expected value. This
may be due to the non-zero photoemission probability of
photoexcited carriers with final energy slightly below the
interfacial barrier. This is illustrated in Fig. 8.

Fig. 8 shows an excited carrier with its momentum
directing outside the escape cone defined by the incident
photon energy. Although it fails to emit ballistically,
according to quantum mechanics, there is a non-zero prob-
ability of emission as the carrier is directed towards the
barrier. This is valid for excited carriers with final energy
slightly lower than the interfacial workfunction. Therefore,
Fig. 5. Transmission probability of excited carriers for a detector designed
for operation in the short wavelength regime. The x axis represents the
final energy of excited carriers measured from the top of emitter valance
band. The different curves show the variation with transmission with
barrier field. Unlike for the long wavelength design, the reflection loss is
significant at typical bias fields of �1 kV/cm. The minima in the
transmission curves is generated by the interference of carriers traversing
the barrier.



Fig. 6. (a) Experimental and model spectra for detector 1332. The threshold expected from SIMS parameters was 15 lm, which is slightly less than the
observed value. The elongation of expected threshold may be due to tunneling of photoexcited carriers near the barrier edge. (b) The zoomed in section
around the threshold showing that proposed model agrees well with the experimental spectra around the threshold wavelength.

Fig. 7. Variation of photoemission probability with wavelength for a
short wavelength design (k0 = 15 lm). Unlike in the previous model, here,
the photoemission efficiency is a function of the applied bias across the
detector. This bias dependency is incorporated in to the model through the
transmission probability of carriers, which is bias dependent. The emission
increases with the applied bias. The solid line shows the emission evaluated
from the ‘‘escape cone’’ model. The two groups are for different emitter
thicknesses, with the emission decreasing with thickness.

Fig. 8. Momentum space showing the escape probability of carriers even
with less energy. The threshold is not well defined, and the experimental
observation of the threshold wavelength is based on the system noise floor
of the measurement.
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an elongation of the ballistically defined threshold wave-
length can be expected in HEIWIP detectors. The escape
mechanism of carriers whose energy is less than the work-
function has not been added in the model. An effort was
made along this direction, and it was found that the scat-
tering mechanisms prior to emission have to be treated in
a ‘‘quantum mechanical’’ perspective, which is beyond
the scope of this paper.

Bias dependence of emission probability has been stud-
ied elsewhere by adjusting the scattering length parameters
[13]. However, there is no clear correlation between the
scattering lengths or the bias field obtained so far. In the
present model, since the transmission is incorporated into
the ‘‘escape cone’’ model the photoemission probability
now becomes a function of the applied bias or the bias field
in the barrier. Fig. 7 shows the weak bias dependence of the
photoemission probability. There is a small variation as the
bias is increased by an order of magnitude, from 0.1 to
1 kV/cm. The figure also shows the photoemission curve
corresponding to the ‘‘escape cone model’’, and as pre-
dicted this is larger than the values derived from the pro-
posed model.
4. Conclusion

The effect of quantum mechanical reflection on the spec-
tral response around the threshold of the detector has been
discussed. The proposed photoemission model agrees with
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the experimental results of short wavelength detectors and
explains the threshold limitation seen in long wavelength
designs. The tailing effect on the short wavelength detectors
may be modeled by treating the scattering events quantum
mechanically. Unlike in the escape cone model, the present
model includes the dependence of photoemitted carrier
density on the applied bias field.
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