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The recent development of p-GaAs homojunction interfacial workfunction internal photoemission (HIWIP)
far-infrared (> 40 um) detectors is reviewed, both theoretically and experimentally. The emphasis is on the detec-
tor photoresponse mechanism and detector performance, which include doping concentration dependence of
workfunction, far-infrared free carrier absoiption, internal photoemission, interfacial barrier collection, and de-
tector dark current, responsivity, quantum efficiency, bias effect, cutoff wavelength, uniformity, crosstalk, photo-
conductive gain, response time and noise. Promising results indicate that p-GaAs HIWIP detectors have great po-
tential to become a strong competitor in far-infrared applications.
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1. Introduction

High performance far infrared (40~200 pm) semi-
conductor detectors as well as large focal plane arrays
are required for space astronomy applications [1],
such as NASA's Stratospheric Observatory for Infra-
red Astronomy (SOFIA), airborne mission, Next Gen-
eration Space Telescope (NGST), and the ESA's Far-
-infrared and Sub-mm Telescope (FIRST) programs,
for studying interacting galaxies, star formation and
composition, and interstellar clouds. The conventio-
nal detectors used for the far-infrared range are ex-
trinsic Ge photoconductors, such as unstressed Ge:Ga
devices for the 40-120 pm and stressed Ge:Ga for the
120-200 pm [2], Ge blocked-impurity-band (BIB) de-
tectors [3,4], and GaAs photoconductors [5] are also
under development in order to overcome the limita-
tions inherent in conventional extrinsic photoconduc-
tors and extend the cutoff wavelength A.. These space
applications have placed stringent requirements on
the performance of FIR detectors and arrays such as
high detectivity, low dark current, high uniformity,
radiation hardness, low power dissipation, and mature
circuit intergrating technology. However, there are
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many technological challenges for fabricating larger
format arrays in germanium [6]. At present, no Si FIR
detectors exist that can operate effectively beyond 40
um at low backgrounds [7].

The idea of internal photoemission detectors was
first proposed by Shepherd et al. [8] in Schottky bar-
rier structures. Due to the recent advances in epitaxial
growth technology, up to now, several types of inter-
nal photoemission infrared detectors have been pro-
posed and demonstrated [9]. Among them, one impor-
tant type is metal-semiconductor Schottky barrier IR
detectors, such as the highly developed PtSi/Si detec-
tor operating in 3-5 pm [10]. Another type is semi-
conductor heterojunction IR detectors, such as
Ge, Si;_,/Si detectors [11,12] developed for 8-14 pm
or even longer wavelengths. There is also a degener-
ate Si homojunction detector [13], which has a re-
sponse in 1-7 pm. Since the structure of the latter de-
tector is very similar to the detectors investigated in
this work, below it is categorized as the type III detec-
tor. In these detectors, the absorber/photoemitter
“electrode” may be a metal, a metal silicide or a de-
generate semiconductor. Thus, following the termi-
nology of Lin and Maserjian [11], all of these detec-
tors can be described as HIP, i.e., hetero- (or homo-)
junction internal photoemission detectors. The actual
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physical processes taking place in the emitter layer
are still not well understood, although several theoret-
ical models [14-18] have been developed to describe
the hot carrier photoemission.

The concept of homojunction internal photoemis-
sion for FIR detection was first proposed and demon-
strated on forward biased commercial Si p-i-n diodes at
4.2 K [19]. The detector A, was extended to very long
wavelength range (> 200 pm), and similar results were
also obtained for Ge and InGaAs p-i-n diodes [20]. In
addition, experimental results obtained with a single
p*-i interface structure were reported, and the concept
of multilayer structures was proposed [20]. Also, a
somewhat similar detector concept was proposed and
demonstrated for a Si MBE multilayer structure in the
long-wave infrared (LWIR) range [22]. The detection
mechanism [19] assumes that the biased interface
structure, consisting of a heavily doped IR absorber
layer and an intrinsic (or lightly doped) layer (n*-i or
p*-i), can be depicted as an internal photoemitter at low
temperatures (< 20 K). For an n*-i (p*-i) structure, the
Fermi level in the heavily doped layer can lie below
(above) the conduction (valence) band edge of the
i-layer, giving rise to an interfacial workfunction,
which defines the long wavelength IR cutoff for the
detector. When the doping concentration is above the
metal-insulator transition (Mott transition) value, the
detector can be regarded as a metal photoemitter (type
IT detector), which was denoted as homojunction inter-
facial workfunction internal photoemission (HIWIP)
FIR detectors [23], otherwise it can be regarded as a
semiconductor photoemitter (type I detector). Follow-
ing a linearly distributed space charge model [24], it
was shown that the space charge effect at the interface
is negligible at low temperatures. The initial experi-
mental results were obtained on commercial p-i-n dio-
des [19-21], which were not designed for IR detectors,
detector performance was not very high. In order to
fabricate detectors with high performance, device pa-
rameters should be optimized. This in turn required a
better understanding of the detector photoresponse
mechanism, detailed modelling and experimental work.

The operation of HIWIP detectors is based on the
internal photoemission occurring at the interface be-
tween a heavily doped absorber/emitter layer and an
intrinsic layer, with the cutoff wavelength A, mainly
determined by the interfacial workfunction A: A
(um) = 1.24/A (eV). The detection mechanism of HIWIP
detectors involves FIR absorption in the highly-doped
thin emitter layers by free carrier absorption followed
by the internal photoemission of photoexcited carriers
across the junction barrier and then collection.
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Modelling studies [25,26] have shown that Si HIWIP
FIR detectors could have a performance comparable to
that of conventional Ge FIR photoconductors [27] or
Ge BIB FIR detectors [28], with unique material ad-
vantages. Therefore, this novel detector approach pro-
vides considerable promise for developing FIR imag-
ing devices, by taking advantage of a mature Si or
GaAs material technology and a tailorable A, which
covers several tens to a few hundreds of pm.

In addition to Si, significant effective band-gap
shrinkage has also been observed for heavily doped
p-GaAs [29]. Better carrier transport properties of
GaAs, such as higher mobility will translate into a
higher gain, which may produce improved perfor-
mance for this type of detectors. Also, the recent rapid
development of GaAs based long-wavelength quan-
tum-well focal plane array cameras make GaAs an-
other promising candidate for developing HIWIP FIR
detectors. The progress of n-GaAs FIR photoconduc-
tors has been slow due to difficulties in growing high
purity materials [27]. This paper reviews the recent de-
velopment of Be-doped p-GaAs HIWIP FIR detectors.

This paper is arranged in the following way. In Sec.
2, three different types of HIP detectors are compared;
and an estimate of the workfunction dependence on the
doping concentration above the Mott transition is
given. In Sec. 3, an analytical model is introduced to
describe the spectral response in single layer (p*-i)
HIWIP detectors, which includes free carrier absorp-
tion, photoexcitation, emission to the interfacial bar-
rier, hot carrier transport, and barrier collection. In Sec.
4, effect of emitter layer concentration on the perfor-
mance of GaAs p*-i HIWIP FIR detectors is presented.
In Sec. 5, a high performance p-GaAs HIWIP FIR de-
tector is demonstrated with the emphasis on its re-
sponse, quantum efficiency, bias effect, uniformity,
crosstalk, gain, response time, and noise. Some con-
cluding remarks and discussions summarized in Sec. 6.
Although the analysis in this paper is mainly for a p*-i
interface structure, similar results can be performed for
an n*-i structure with small modifications.

2. Three different types of HIP
detectors and workfunction
dependence of HIWIP detectors

The basic structure of HIP detectors consists of a
heavily doped layer, which acts as the IR absorber re-
gion, and an intrinsic (or lightly doped) layer across
which most of the external bias is dropped. According
to the doping concentration level in the heavily doped
layer, the HIP detectors can be divided into three
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Fig. 1. Energy band diagrams for three different p types of
HIP detectors. (a) Type I N, < N (Eg > EEr )% (b) Type
II: N, <N, <NyEY >Ep >E}), and (c) Type IIL:
N, > No(Bp <EL). Here, N, is the Mott's critical con-
centration and N, is the critical concentration corresponding
to A=0.1In (a) and (b), the valence band edge of the i-layer is

represented by a dotted line for V}, = V; (flatband) and by a
solid line for Vy, > V.

types as shown in Figs. 1(a), 1(b), and 1(c), which
show different photoresponse mechanisms and re-
sponse wavelength ranges.

2.1. Type I HIP detectors:
N, <N.(E; >E")

When the doping concentration N, in the p*-layer
is high but below the Mott critical value N, an impu-
rity band is formed. At low temperatures, the Fermi
level is located in the impurity band. The incident FIR
light is absorbed due to the impurity photo-ionization,
with a workfunction given by A =Eg —EP’, where
EP is the valence band edge in the p*-layer. An elec-
tric field is formed in the i-layer by an external bias to
collect photoexcited electrons generated in the
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p*-layer. Obviously, type 1 HIP detectors are analo-
gous to semiconductor photoemissive detectors [30]
in their operation, which can be described by a three-
-step process [see Fig. 1(a)]. (1) Holes are photo-
excited from filled impurity band states above Fermi
level into empty states below the valence band edge;
(2) Photoexcited holes first rapidly thermalize into the
top of the valence band by phonon relaxation and then
diffuse to the emitting interface, with the transport
probability determined by the hole diffusion length;
(3) Those holes reaching the emitting interface tunnel
through an interfacial barrier AE,, which is due to the
offset of the valence band edge caused by the band-
gap narrowing effect, and are collected by the electric
field in the i-region. The collection efficiency will de-
pend on the tunneling probability which in turn de-
pends on the i-region electric field. The A,-can be
tailorable with the doping concentration to some ex-
tent, because with the increase of doping concentra-
tion the impurity band broadens and its peak density
of state moves rapidly towards the valence band [31].

In the above discussion, the impurity compensa-
tion in the p*-layer, which is unavoidable for the ac-
tual heavily doped semiconductors, was neglected.
Due to the compensation effect, electric field can be
induced in the p*-layer by the external bias. If the
compensated acceptor concentration is very small,
the electric field region may extend over a large part
of the p*-layer. This is just the case of
blocked-impurity-band (BIB) detectors [32,33], for
which the photoexcited hole collection mechanism is
different from the processes (2) and (3) described in
the above paragraph. In contrast to the type I HIP de-
tector, the BIB detector resembles a reverse-biased
photovoltaic detector in its operation, with the col-
lection efficiency in the electric field region ap-
proaching 100%. However, if the compensated ac-
ceptor concentration is high, in the most part of the
p*-layer there is no electric field induced when an
external voltage is applied, except for a very small
depletion region near the p*-i interface. In this case,
the photoresponse mechanism still can be described
by the processes developed above for type I HIP de-
tectors. Usually, the quantum efficiency of a type I
HIP detector is less than that of a BIB detector due
to the nature of internal photoemission. However,
when the doping concentration is so high that it is
near the Mott transition, technologically it is less
likely to get a very low compensated acceptor con-
centration. So, it is expected that the type I HIP de-
tector still may have an advantage in a wavelength
range longer than that of the BIB detector.
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2.2. Type II HIP detector:
N. <N, < N,(E? >E; >E})

When the doping concentration is above the Mott
transition, the impurity band is linked with the va-
lence band edge, and the p*-layer becomes metallic.
Even in this case, the Fermi level can still be above
the valence band edge of the i-layer (E¢ > E“, ) due to
the bandgap narrowing effect, giving rise to a work-
function A =Eg —Ei, as shown in Fig. 1(b), unless

N, exceeds a critical concentration Ny at which A = 0.
The workfunction dependence on doping concentra-
tion for this case will be discussed next. Type II
HIWIP detectors are analogous to Schottky barrier IR
detectors in their operation. One of their unique fea-
tures is that in principle, there is no restriction on A,
which is tailorable, since the workfunction can be-
come arbitrary small with increasing doping concen-
tration. This means that the HIWIP FIR detectors with
any A, can be developed as needed. Unlike type I HIP
detectors, the photon absorption in type I HIWIP de-
tectors is due to free carrier absorption. In spite of the
fact that the free carrier absorption coefficient in the
metallic p*-layer is lower than in a metal due to the
lower concentration, the type II HIWIP detector has a
higher internal quantum efficiency than the Schottky
barrier detector due to the reduction of the Fermi en-
ergy. In addition, the hot hole scattering length in
HIWIP detectors could be larger than in metals due to
the lower hole energy. The photoemission of photo-
excited holes from the p*-layer into the i-layer is de-
termined by the emission to the interfacial barrier, hot
hole transport and barrier collection process. The
emission probability depends on the photon energy
and the Fermi energy. The transport probability is
governed by various elastic and inelastic hot hole
scattering mechanisms occurring in the p*-layer. The
collection efficiency is due to the image force effect
at the p*-i interface, which gives rise to a voltage de-
pendence of quantum efficiency. In next section, an
analytic model will be presented to give the related
formula for spectral response.

2.3. Type III HIP detector:
N. > Ny(Ef <Ej)

When the doping concentration is so high that the
Fermi level is below the valence band edge of the
i-layer, the p*-layer becomes degenerate, and a barrier
associated with a space charge region is formed at the
p*-i interface due to the hole diffusion, as shown in
Fig. 1(c). The barrier height depends on the doping
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concentration and the applied voltage, giving rise to
an electrically tunable A.. This type of device was
first demonstrated by Tohyama et al. [13] using
a structure composed of a degenerate n** hot carrier
emitter, a depleted barrier layer (lightly doped p, n or
i), and a lightly doped n-type hot carrier collector. As
the bias voltage is increased, the barrier height is re-
duced, the spectral response shifts toward longer
wavelength, and the signal increases at a given wave-
length. The photoemission mechanism of type III HIP
detectors is similar to that of type II HIWIP detectors,
with the major difference in that they have different
response wavelength ranges and different operating
temperature ranges. The type Il HIWIP detector is a
FIR detector, and usually operates at temperatures
much lower than 77 K. In contrast, the type III HIP
detectors are expected to operate near 77 K and have
responses in the mid-wave infrared (MWIR) and
LWIR ranges [9].

2.4. Workfunction dependence on doping
concentration above Mott transition

One of the key factors for the design of HIWIP de-
tectors is to determine the doping concentration de-
pendence of the interfacial workfunction (hence Ao
The heavy doping effects on semiconductor proper-
ties, such as the bandgap narrowing, have been exten-
sively studied, from both theoretical and experimental
respects [31]. But the physical mechanism is not yet
well understood. Also, there is little or no experimen-
tal data available describing the workfunction de-
pendence on doping concentration above the Mott
transition. Here a recently developed theoretical
model is projected [34]. This would give simple but
accurate closed form equations for band-gap narrow-
ing to obtain an approximate relationship of Ao VS
doping concentration for the type I HIWIP FIR de-
tectors to compare with our experimental results.

As the doping concentration increases, the impu-
rity band broadens and becomes increasingly asym-
metrical, and its peak moves towards the valence
(conduction) band edge rapidly. At the same time, the
valence (conduction) band edge also starts moving
upwards (downwards) in the bandgap. At the Mott
transition concentration, the impurity band and the
valence (conduction) band merge with each other, and
the semiconductor changes from a nonmetal to a
metal (Mott transition). Above the Mott transition,
with further increasing the doping concentration, the
impurity band starts to shrink and finally becomes ab-
sorbed into the valence (conduction) band [31].
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The lowering of the valence (conduction) band
edge, AE, (AE.), can be described using the high-
-density theory. It has been shown [31] that this the-
ory does describe the behavior of heavily doped Si
and Ge to a fair degree of accuracy in the high-density
regimes, i.e., above the Moitt critical concentration,
and gives reasonable results even at doping concen-
trations as low as 10'® cm3. The main result of this
theory is that the hole-hole (electron-electron) interac-
tion (many-body effect) causes a rigid upward (down-

ex

ward) shift of the valence (conduction) band, AE (.

which is also known as exchange energy. The hole
(electron)-impurity interaction causes an additional

shift, AEL(C), and also distorts the density of states

function. In this theory, the semiconductor is assumed
to be uncompensated and all impurities ionized so
that the free carrier concentration is equal to the dop-
ing concentration N,. In principle, this theory is valid
close to 0 K.

Recently, Jain and Roulston [34] have derived a
simple and accurate expression for the shift of the ma-
jority band edge, AE,,,;, that can be used for all n- and
p-type semiconductors and for any doping concentra-
tion in the high-density regime. By introducing two
correction factors to take deviations from the ideal
band structure into account, AE,; can be expressed as

AE,,; = AEq%. + AE (1)

maj

with

maj

1/3
£ = 183Aa[4EN“ ] R
3N

m (2)
1/2
; L 4waN
AE:naj:ﬂ = R
N,, 3
where N, is the doping concentration,

R=13.6m,/ 83 (eV) is the effective Rydberg en-
ergy, a = 0.53 ¢/my (A) is the effective Bohr radius,
my is the effective density of state mass, and & is the
relative dielectric constant. The correction factor A
takes into account the effect of anisotropy of the
bands in n-type semiconductors and the effect of in-
teractions between the light and heavy hole valence
bands in p-type semiconductors. N, is the number of
conduction band minima in the case of n-type Si and
n-type Ge, and N, = 2 for all p-type semiconductors.

The modified expression for the Fermi energy to
take the multiplicity of the majority band into account
is given by [33]
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2/3
_n*kj _ h* (3a’N, A3)
2m

E., = =
P N

Zmd m

So, the workfunction is
A= AE,; - Er @)

The cutoff walength is given by A . (um) = 1.24/A(eV).

Using above equations, the doping concentration
dependence of AE,,,;, Eg, A, and A, was calculated.
The results for p-type GaAs are shown in Fig. 2. Sim-
ilar calculations have also been performed for Si and
Ge for both p- and n-types [23]. The critical concen-
trations Ny which correspond to A = 0 can be obtained
from the A vs N, relationships. The Mott critical con-
centration N, can be estimated by using the following
approximate expression [36]

NPa~nr/12~025 (5)

Table 1 shows the values of Ny and N, calculated
for both n- and p-type Si, Ge, and GaAs, together with
the parameters used in the calculation. As discussed in
Sec. 2.2, the type II HIWIP detector can operate in the
doping concentration range N, < N, < Nj. Although
the actual critical concentrations depend on the impu-
rity selected for doping, above calculations will give an
estimate for the workfunction, which is important for
the design of type II HIWIP detectors. It is seen from
Fig. 2 that as N, approaches Ny, A, becomes very sen-
sitive to N,, that is, only a small increase in N, can
cause a large increase A, Furthermore, A, of the
HIWIP detector can easily be tuned by the doping con-
centration to meet the requirements of up to 200 pm.

500

80— ;
|
|
I
AE, Eg i 400
60 ‘ A !
s / 300§,
g £
= 40 AE, g
=] 2
5] 200 2
= T
M =
207 1100
0 0

18 1I9 20
log(N,) (cm™®)

Fig. 2. Doping concentration (N,) dependence of AE,, Eg, A,
Ao, calculated using the high-density theory for p-type
GaAs. The inset shows the shift of majority band edge and
the position of Fermi level, with the shaded area repre-
senting the energy states filled by electrons.
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Table 1. Parameters used for different semiconductors and calculated critical concentrations (N, and Np).

- _n—Si p-Si n—Ge_ - p-Ge n-GaAs p-GaAs
& 11.4 11.4 154 15.4 13.0 13.0
my 0.33 0.59 0.22 0.36 0.0665 0.47
N, 6 2 4 2 1 2
A 1 0.75 0.84 0.75 1 0.75
Ry (meV) 345 61.7 12.6 20.6 5.4 381
ay (A) 18.3 10.2 37.? B 227 103.6 14.6
N¢ (em™) 2.55x10'# 1.47x10" 3.06x10"7 1.34x10'8 1.41x10' 5.02<10'®
Np (em™) 6.0x10" 1.0x10% 3.5x10'® | 8.1x10'® 1.5><10‘_T 3.3x10¥
3. Theoretical model of spectral
response Metal
Top contact
3.1. Photoexcitation W, :r gEmiﬂer —
A single p*-i (or n*-i) structure consists of three T
laye}"s (sez? Fig. ?f): the heavily doped emitter layer, W Intrinsic layer
the intrinsic (or lightly doped) layer, and the bottom '
contact layer, with the thicknesses W,, W; and W, v
the doping concentrations N, N; and Ny, and the ab- Wy b & Bottom contact
sorption coefficients o, o; and o, respectively. The

photoexcited electrons generated in the bottom con-
tact layer make no contribution to the photocurrent,
hence the light flux I, should be incident normally
from the top side to reduce the absorption in the bot-
tom contact. The front and back reflectances are Rg
and Ry respectively, whose variation with wavelength
can be ignored. If the multiple internal reflection ef-
fect is considered, the generation rate of photoexcited
electrons is given by

G(x) =G exp(-a,x)+G, exp(a,x) (6)

where
B a,Iy(1—Rp)
I_RFRB exp[—Z(aeWe + (X;W,- + abWb )]

G
Gz = G]RB exp[—Z((ere + a,-W;- + O:‘bWb )]
The FIR absorption in the i-layer can be neglected

due to the fact that oW, << 0,.W,, 04, W},. The photon
absorption probability, defined as the ratio of the

number of photoexcited carriers generated in the |

emitter layer to the number of incident photons, is

Fig. 3. Basic structure of frontside illuminated single type II
HIP detector. In order to reduce the FIR absorption loss in
the contact layers, the top (bottom) contact layer under
(above) the metal plate can be formed as a ring surrounding
the photosensitive area, and the bottom contact layer within
the active area should be made as thin as possible. The
absorption efficiency in the emitter layer can be increased by
the multiple internal reflection.

One special case is that as (04, W}, = ¢, 1, = (1 —Rp)
[1 —exp (-0t W,)]. Another special case is that for
Rg — 0 and Rg — 1 (by using antireflection coating
and optical cavity), 1, = (1 + exp [(0,. W, + 20, Wp)])
[1 —exp (-0, W,)]. To reduce the effect of the bottom
contact layer, oy, (by lowering N;) and Wy, should be
decreased as far as possible.

3.2. Free carrier absorption

From the HIWIP detection mechanism, it is seen
that the free carrier absorption plays a very important

_(1=Rp)(1+ Ry exp[—(a, W, +20a,W, D1 —exp(—c, W, )]

N, = j: G(x)dx/I, =
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(7)

1- RpRgexp[-2(a W, + 0, W, )]
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role in the detector performance. It is important to un-
derstand the FIR free carrier absorption behaviour in
heavily doped GaAs thin films, due to both funda-
mental and device performance reasons. Although the
free carrier absorption in GaAs has been widely stud-
ied in the literature, this was limited to relatively short
wavelengths (< 20 pm) [37]. Until recently, no free
carrier absorption data were available for the wave-
length range < 50 pm, where the HIWIP FIR detec-
tors usually work.

The transmission and reflection measurements for
Be-doped MBE grown GaAs thin films were reported
recently [38]. The absorption A in thin film is deter-
mined from the transmission T' and reflection R in
conjunction with the expression

A=1-T-R (8)

and further subtraction of the absorption of the sub-
strate. The thin film in that study was grown by the
same MBE conditions as for the HIWIP detector sam-
ples. The epilayer thickness (d) of the absorption sam-
ples is 1000 A with Be concentrations of 1x10'8,
5x10'8, and 2x10'® cm™3. The absorption results of
the thin film with a concentration of 2x10'® cm™ over
the wavelength range from 50 to 200 pm are shown in
Fig. 4. The measured values of absorption were found
to be almost independent of wavelength, which is
similar to the cases of Schottky barrier IR detector

40 5
.;-“10
§8
30- EE 104
88
—_— < £
82 Q. 3
= o 10 -
[=
S 0()-| eeeeeessse Theory 5x1017 5x1018 5x101°
?, Experiment  Hole concentration (cm™)
8
<
Concentration 2x10'® ecm™2
0+ R O T e i B
50 100 150 200

Wavelength (um)

Fig. 4. Experimental FIR free carrier absorption in a p-GaAs
thin film with the thickness of 1000 A and doping con-
centration of 2x10!° cm™ at room temperature (solid
curve). The circles indicate the calculated results. The inset
shows the experimental free hole absorption coefficient of
three p-GaAs thin films at 80 pm (open circles) as a function
of hole concentration at room temperature, together with its
linear regression relation.
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samples beyond the lattice bands [39] and GeSi layers
above 15 pum [40]. Since free carrier absorption is an
indirect transition process involving the light absorp-
tion and quasi-particle interaction (such as phonons,
defects and lattice imperfections) by free carriers, the
weak energy of photons in the FIR region results in a
reduced excitation of carriers to higher energy levels
within the same energy valley.

The theoretical absorption curve shown in Fig. 4
was calculated from the complex dielectric constant
of the GaAs layer by matching electric and magnetic
fields at the interfaces [41]. The dielectric constant of
the thin film is derived from the frequency-dependent
conductivity for free carriers by

g=—20 ©)
1-iwT, :

where o, is the dc conductivity and T, is the relax-
ation time, which is independent of frequency ® in
the semiclassical transport theory. Since the main in-
terest is in the FIR range (= 50 pm), the other contri-
butions, e.g., intervalence band transitions and lattice
vibrations, were ignored. The carrier concentration is
estimated from the doping level, while the relaxation
time used was 1.7x1071% s as measured for sample
with similar doping levels [37]. This means that no
free parameters are used to fit the experimental data
with the modelling results. The reasonably good
agreement between the experimental and theoretical
results strongly demonstrates that the absorption is ac-
tually due to the contribution of free carriers. Further
evidence for the identification of free carrier absorp-
tion in these thin films can be clearly seen from the
absorption of their substrates, where the experiments
show that their absorption can generally be neglected
(the absorption coefficient is in the order of
10-2 cm~!, in comparison with the order of
103 ~ 10* cm™! in thin films). The absorption coeffi-
cient o. can be calculated by

1 1-R
a=—In
d T

The relationship between the free hole absorption
coefficient and the hole concentration, which is the
most important result in connection with the HIWIP
detectors, was also obtained. The strength of the free
hole absorption at a wavelength of 80 pm is shown in
the inset of Fig. 4. The absorption can be well de-
scribed by a linear relation between the absorption co-
efficient and the concentration of holes, just as in the

(10)
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case of Si thin films [42,43]. The fitted regression for-
mula as a function of hole concentration P is found to be
o=828x 10710 cm? x P (1)
The large value of the absorption coefficient in
FIR range is suitable for the HIWIP detectors, since
the absorption coefficient varies very little with tem-
perature due to the almost invariant carrier concentra-
tion and mobility with temperature. Measurements
also show that the free carrier absorption increases
with increased doping concentration, which means
highly doped emitter layers are more attractive for
higher quantum efficiency in HIWIP detectors. This
is expected as the free carrier absorption is propor-
tional to both the carrier concentration and scattering
rate (also increases with doping), and has been dem-
onstrated in the experimental results in Sec. 4.5.

3.3. Internal quantum efficiency

The internal quantum efficiency m; was obtained
following a simplified Vickers-Mooney model
[15,16] as

U
n; = - (12)
1=y +yNo /My

where My = Ny/Nr is the ratio of capturable carriers
to photoexcited carriers and y = L/(L, + L;) is the
probability that an excited carrier will collide with a
phonon before it collides with a cold carrier. The in-
elastic scattering with cold carriers, which is assumed
to “cool” the excited carriers to below the barrier en-
ergy, is characterized by the scattering length L; elas-
tic scattering with phonons and impurities is charac-
terized by the scattering length L,. The fraction of
carriers captured prior to any bulk scattering events
(e-e or e-p) is given by [16]

#

I #
Mo = W_U(Wd/L Mia

€

(13)

with L* = 1/L, + 1/L,, and 14 being the ideal internal
quantum efficiency describe using an escape cone
model [44] and U(W /L") ~ [1 — exp (-W,/L*)]"2.

3.4. Barrier collection

A strong bias dependence of spectral response
was observed in the earlier experiments [19,20].
This phenomenon can be ascribed to the image force
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effect, which has been used to explain the voltage
dependence of photocurrent observed in metal-
-Si0,-Si structures [45] and Schottky barrier detec-
tors [17]. This effect will be described as follows. A
photoexcited carrier reaching the interface will be
injected into the i-layer, provided that it can reach
and surmount the interfacial energy barrier. The abil-
ity of a carrier to reach the barrier depends on the
probability of scattering along the way, and in turn,
depends on the distance of the energy barrier from
the injecting interface. Both the barrier position and
the barrier height are affected by the applied electric
field due to the image force effect. As a result, the
bias dependence of the photocurrent is determined
both by the carrier scattering in the image force well
and by the image force barrier lowering. The barrier
lowering A¢ and the distance x;, from the interface
to the barrier maximum are given by [46]

1/2
4 = 2
4rege,

. 1/2
X, 2| ———
" [1671’80851" ]

where F = V/W, is the electric field in the i-region,
V,, the applied bias voltage.

The escaping carriers are subject to scattering out
of the escape cone in passing from the injecting inter-
face to the barrier maximum. The barrier collection
efficiency 1 is defined as the probability that a car-
rier travels from the p*(or n*)-i interface to the barrier
maximum without scattering. Since the emitted carri-
ers travel essentially normally to the barrier, in first
approximation, M is given by [17,45]

(14)

15)

Ne =exp(_xm/L$) (16)
in which L is the carrier scattering length in the im-
age force well (located in the i-layer). Here, we have
neglected the energy dependence of L. The scattering
mechanism is assumed to redirect the carrier momen-
tum isotropically. It is assumed that no carrier is scat-
tered more than once during its passage from the in-
terface to the barrier maximum.

By taking the image force barrier lowering into ac-
count, the effective workfunction is A = Ay — A0,
where A is the zero field workfunction. This relation-
ship can be used to explain the bias dependence of A,
observed from experiments in Sec. 4.4.
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3.5. Spectral response

The total quantum efficiency is the product of pho-
ton absorption probability, internal quantum effi-
ciency and barrier collection efficiency,

M= XN; XN, 17
The responsivity is given by
R = qnig/hc (18)

where q is the elementary charge, g is the optical
gain, h is the Planck constant, and c is the speed of
light in vacuum.

By using the above analytic expressions, the
responsivity for GaAs p*-i structures has been calcu-
lated as functions of wavelength, electric field, and
emitter layer doping concentration, etc. Unless indi-
cated otherwise, the following parameters were used
in the calculations: W, = 100 A, W, = 150 A,
N, = 5x108 cm=, Rg = 0.3, R = 1, L, = 4000 A,
L, =100 A,L,=300 A, and F = 1000 V/cm. For Ge
and Si, in principle, similar analysis can be per-
formed.

The effect of emitter layer doping concentration
on spectral response is shown in Fig. 5 (i). Here four
doping concentrations, N, = 5.0x10'8, 8.0x10'8, 1.0x10",
and 1.5x10!° cm™3, are used. It can be seen that with
the increase of doping concentration, both the spectral
bandwidth and the peak responsivity R, increase,
while the short wavelength side of the spectral re-
sponse almost remains the same. It is noted that the
spectra do not change continuously at low wavelength
range, this is because in that photon energy range the
internal quantum efficiency has different function re-
lations with photon energy. The corresponding Ry, A,
and AA (half-peak width) are: Rp = (.20, 0.28, 0.32,
and 0.47 A/W, A, = 180, 194, 209, and 287 pm, and
AL =92, 96, 113, and 160 um. The calculated Rp is in
good agreement with the experimental results shown
in sections 4 and 5 by taking into account the multi-
layer effects. As analysed before, the spectral re-
sponse in the long wavelength side is governed by the
internal photoemission mechanism, while in the short
wavelength side it largely depends on the free carrier
absorption mechanism.

The electric field dependence of spectral response
is shown in Fig. 5 (ii). As F increases, both res-
ponsivity and A, increase considerably due to the im-
age force effect, which is in good agreement with ex-
perimental results [19,20]. Also, the peak wavelength
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Fig. 5. (i) Spectral response calculated for four p-GaAs
single layer detectors with the same electric field F of 1000
V/cm but different emitter layer doping concentrations N:
(1) N, = 5.0x10'8 cm™3; (2) N, = 8.0x10'® ecm™, (3)

= L.Ox10! cm™3, (4) N, = 1 51019 cm3, (i) The effect
of electric field on spect:ral response is also shown for
detector 4: (a). F = 50 V/em; (b). F = 200 V/em; (c).
F = 500 V/cm: (d). F = 1000 V/cm. Contour plots of (iii) A,
and A, in pm (the concentration of p* layers is
3.0x1019 cm=3 for the upper 4 curves and 3.2x101? cm™ for
the bottom 2 curves), (iv) M, (the concentration of p* layers
is 3.0x10'? cm™>) calculated for GaAs p*-i-p* structure at an
optimal electrical field F = 550 V/cm, as a function of N
and W;.

shifts gradually to longer wavelengths. In Fig. 5 (ii),
for a device with N, = 1.5%10'? em™ (A, = 7.58 meV)
and W, = 150 A, as F increases from 50 to 1000 V/cm,
A reduces from 7.3 to 4.3 meV, corresponding to an in-
crease in A, from 170 to 287 pm, and R, increases
from 0.05 to 0.47 A/W. In order to get a higher
responsivity, it seems that the applied bias should be as
high as possible. However, in fact, there is an upper
limit on applied bias or electric field (represented by
V. and F,, respectively), due to the possible impact
ionization breakdown of neutral impurity atoms occur-
ring in the i-region. When F > F,, the dark current will
increase abruptly and the responsivity will decrease
rapidly, which has been demonstrated by experimental
results [20]. The quantum efficiency of the detector can
be easily obtained by Eq. (18). The results show that
even for the single layer structure a quantum efficiency
up to about 1.0% for N, = 1.5x10'° cm™ may be
reached. Figure 5 also shows the contour plots of the
compensation concentration Ng; vs i region thickness
W, for different emitter concentration detector samples
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Fig. 6. (a) Schematic of 10 multilayer p-GaAs HIWIP detectors after device processing. p**, p* and i are the contact layer,
emitter layer and undoped layer, respectively. A window is opened on the top side for frontside illumination. (b) Energy-band

diagram of the detectors under forward bias.

showing (iii) cutoff and peak wavelength A, A, and
(iv) peak quantum efficiency n,. One important point
to remember here is that the calculations are done for a
single layer device. By using multilayer structures
(p*-i-p*-i... or n*-i-n*-i...) and optimum emitter layer
thickness, which can be realized by MBE or MOCVD
growth technologies, the quantum efficiency can be
easily improved, as shown experimentally in Sec. 5.1.
It is also expected that the quantum efficiency may be
further increased due to the increased photon absorption
efficiency and possible photocurrent gain enhancement.

4. Effect of emitter layer concentration
on the performance of GaAs p*-i
HIWIP FIR detectors

The recent rapid development of GaAs based
long-wavelength quantum well focal plane array cam-
eras [47] makes GaAs a promising candidate for de-
veloping HIWIP FIR detectors. We have successfully
demonstrated the p-GaAs HIWIP FIR detectors using
thin, highly doped p* and undoped i multilayer struc-
tures [48]. The thin emitter layer offers high internal
quantum efficiency due to the low inelastic hole-hole
and hole-phonon scattering, and the high doping con-
centration facilitates strong free carrier absorption.
Multilayer structures are used to further increase the
quantum efficiency due to the increased photon ab-
sorption efficiency and possible photocurrent gain en-
hancement [21], also demonstrated in stacked SiGe/Si
heterojunction internal photoemission detectors [49].
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A comparison of modelling and experimental re-
sults on the performance of p-GaAs HIWIP FIR de-
tectors as a function of emitter layer concentration is
first studied [50], since the emitter layer concentration
plays a key role in the detector performance. In addi-
tion to the cutoff wavelength and responsivity, which
are very important parameters for detectors, the dark
current is another factor influencing the noise equiva-
lent power (NEP) or detectivity D* of detectors. The
studies of dark current characteristics, cutoff wave-
length, and the detector responsivity described here
should lead to a clearer understanding of how the
doping concentration affects the detector perfor-
mance, which will be critical to detector design and
optimization.

4.1. Experiment

Measurements were made on three p-GaAs FIR
HIWIP detector samples (No. 9404, No. 9401, No.
9603) grown by molecular beam epitaxy (MBE) with
the substrate temperature of 560°C. The MBE epila-
yers consist of a 4000 A (W},) bottom contact layer, a
1500 A (Wy;) undoped layer, 10 periods of thin emitter
(p*) layers (thickness W, of 150-300 A) and udoped
intrinsic (i) layer (thickness W; of 1000 A), and finally
a 3000 A (W,.) top emitter layer and a 3000 A (W)
top contact layer. The emitter layers were doped with
Be which has an ionization energy of 28 meV in
p-GaAs. The doping concentration is between
(1-8)x10'8 cm3, The top and bottom contact layers
were doped to (2-3)x10'° cm™, far above the Mott
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Table 2. Parameters for six p-GaAs HIWIP FIR detector structures. Measured (from spectrum) interfacial workfunction A, peak quan-
tum efficiency m, NEP, peak responsivity R, cutoff wavelength A, and calculated Fermi level from HD theory (Ep). The va-
lence-band-edge offset is given by AE, = A + Eg. Here, W;, W, and Wy, are the thicknesses of the intrinsic (i), emitter (p*), and bottom
intrinsic (i), respectively. N, and N, are the doping concentrations of the emitter and coniact layers, respectively. The thickness of the
top contact (p**), the top emitter (p*) and bottom contact (p*) layers, Wy, W, and Wy, were 3000, 3000, and 4000 (3000 for
No. 9604) A, respectively, for six samples.

Sample | No.of | W; | W, | Ng | Wy N, A Er | AEg | M NEP R Ae
_No. layer | &) | A) | (em™®) | A) (cm™) (meV) | (meV) | (meV) 9@’: (10712 W/Hz) (A/@V) (um) |
#9406 2 5000 | 300 | 1x10' | 1500 | 2-3x10¥ | ~17.0 49 | 217 | 25 11.50 06 | ~75
#9405 5 2000 | 300 | 1x10® | 1500 | 2-3x10"* | ~17.0 49 | 217 | 57 3.76 14 | ~75
#9404 | 10 | 1000 | 300 | 1x10% | 1500 | 3-4x10° | 16.8+0.2 | 4.9 | 21.7 | 4.8 277 1.2 | 76+l
#9401 | 10 | 1000 | 150 | 3x10'8 | 1500 | 2-3x10'"® | 14.6+0.2 | 102 | 250 | 9.2 2.18 23 | 851
#9603 | 10 | 1000 | 150 | 8x10' | 1500 | 2x10 | 134402 | 14.6 | 28.0 | 10.8 1.36 2.7 | 93+l
#9604 | 20 800 | 150 | 4x10' | 1500 | 2x10"° | 12.440.1 | 12.3 | 247 | 125 0.44 3.1 100.t1j

transition value to ensure an ohmic contact. The sche-
matic of the detectors after device processing and their
energy-band diagram are shown in Fig. 6 with the key
nominal sample parameters given in Table 2. Good
control of MBE growth is indicated by secondary ion
mass spectroscopy (SIMS) measurements (see Fig. 7).
The contact was formed by deposition of Ti-Pt-Au.
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Fig. 7. SIMS profile of a Be doped p-GaAs HIWIP 10-layer
detector sample No. 9401, indicating good control of multi-
layer interfaces in MBE growth. The background of As is
near 107 atoms/cm?,

4.2. Dark current characteristics

Unlike the case of GaAs/AlGaAs quantum well in-
frared photodeteciors (QWIPs), where the current-
-voltage characteristics show asymmetric behavior un-
der positive and negative biases normally due to the
asymmetrical growth of GaAs/AlGaAs and AlGaAs/
GaAs interfaces [47], the present GaAs homojunction
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FIR detectors display symmetric I-V characteristics.
Figure 8 shows the dark I-V characteristics at 4.2 K for
the three detectors under positive biases, together with
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Fig. 8. Experimental (solid curves) and theoretical (dashed
curves) dark current Iy characteristics at 4.2 K of p-GaAs
HIWIP FIR detector sample: (a) No. 9404, (b) No. 9401, and
(¢) No. 9603. The inset (i) shows the experimental (solid
circles, at 0.1 mV bias) and calculated (open circles, at 0.5
mV bias) I4 in the three HIWIP detectors at 4.2 K. The inset
(i) displays the log scale mesa area dependence of Ig of two
samples at 10 mV forward bias (with a constant shift for
clarity) and its regression slope, where we have neglected
the orders of the current and area since there is only constant
shift.
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the dark current value near zero bias shown in the in-
set. It is seen that the three detectors display almost
same dark current at high biases, in contrast to the case
of near zero bias where the dark current increases rap-
idly with the doping concentration.

The dark current is modeled by assuming a uni-
form electric field in the multilayers, and thermody-
namic carrier equilibrium. The properties of the
multilayer detector are treated as repeat units, as in
the case of QWIPs [47]. The energy band diagram for
a HIWIP FIR detector should include both the multi-
ple-image-force (MIF) and space-charge (SC) effects.
The latter is due to the free-carrier spillover from the
heavily doped layer into the undoped i layer. The dark
current is the sum of space-charge-limited (SCL) cur-
rent, thermionic emission (TE) current, and tunneling
current, and as a good approximation, the SCL cur-
rent, TE current and tunneling current can be treated
separately [51].

At low temperatures required for the HIWIP de-
tector operation, the effect of SCL current is clearly
negligible. The TE current density is given by the
Richardson-Dushmann equation

I 2 47T EXP{_;C_Af] (19)

B
where A™ is the Richardson constant and kg is the
Boltzmann constant. The tunneling current is a com-
bination of thermionic field emission (TFE) and field
emission (FE), given by

*
T, =Tppp +Jpp = %gﬂp(sjr, (E.E, ydEdE, (20)
T

where D(E) = f.(E) — f.(E), the difference of
Fermi-Dirac distribution functions in emitter and col-
lector layers, E the total energy of the tunneling holes,
E, the transverse energy, and m"* the effective hole
mass. T, is the tunneling probability and can be ob-
tained in the Wentzel-Kramers-Brillouin (WKB) ap-
proximation

T(EE;)= :3)(1:)(—2_E1 e |dx) @h

where ]k x‘ is the wave vector related with electrical
field F in the tunneling direction, x; and x, are the
classical turning points. The detailed expressions
have been given elsewhere [25,51,52]. The total dark
current is Iy = Ag (Jrg + Jppg + Jgp) with the detector
area Ay of 1.6x1073 cm?.
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From the theory, it can be determined that the TFE
is the major source of dark current in the p-GaAs
HIWIP detectors at 4.2 K, so that small increase in
dark current with increased doping is expected as a
result of a slight modification to the Fermi-Dirac dis-
tribution. The dark current calculated for the three de-
tectors is also shown in Fig. 8. The parameters for cal-
culation can be found in Table 1, except the phonon
scattering length and mobility, where 58 A and
400 cm?/Vs were used, respectively, for GaAs [46].
The dark current-voltage characteristics are almost in-
dependent of the doping concentration, in good agree-
ment with the experimental results. Although the gen-
eral trends are correct, it is noted that there is nearly
an order of magnitude dark current difference be-
tween the experiment and theory. This fact is due to
the existence of leakage current, which can be due to
the surface or interface state defects [50]. Further evi-
dence of this leakage can be seen from the experimen-
tal fact that the dark current increases superlinearly
with the mesa area [see inset (ii) in Fig. 8], in contrast
with the linear relation.

The calculated dark current near zero bias is also
independent of the doping concentration [see inset (i)
in Fig. 8], whereas the experimental data show a rapid
increase with increasing concentration. This differ-
ence can be attributed to the existence of surface or
interface defect states in the higher doping concentra-
tion samples. The origin of these defect states can be
the dangling bonds in the interfaces, Coulomb poten-
tial of charged ions, and impurities near interfaces.
The existence of surface or interface defect states can
result in recombination via the defect states and gen-
erate tunneling current (it increases with the defect
states and applied bias), which dominates the dark
current at low biases. The high experimental dark cur-
rent in the high doping emitter layer samples near
zero bias can be attributed to the high tunneling cur-
rent and is associated with high surface or interface
defect states. However, with increasing bias, the con-
tribution of thermionic field emission rapidly in-
creases and dominates the dark current, resulting in
almost the same experimental dark current at high bi-
ases even in different doping samples. Further evi-
dence for the identification of these defect states can
be clearly seen from the detector response spectra
(e.g., Fig. 9), where remarkably reproduciable spike
responses were observed in the spectra of highly
doped emitter layer samples. One of the spikes was
attributed to the localized nature of the defect states.
Defects have been found to be the source of tunneling
currents in HgCdTe detectors [53] and the elimination
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of these imperfections is a significant material chal-
lenge yet to be overcome, and the defect induced cur-
rent has also been found in advanced MBE technol-
ogy for GaAs/AlGaAs QWIPs [47,54]. Recently, a
successful approach reported in the literature descri-
bed reduction of the dark current density due to the
surface or interface defects by using thin films to pas-
sivate the detector surface [55], this may be beneficial
to HIWIP detectors, especially the highly doped emit-
ter layer samples.

4.3. Spectral response

The spectra of p-GaAs HIWIP detectors were
taken with a Perkin-Elmer system 2000 FTIR spec-
trometer, with the samples mounted in a HD-3L
dewar with a 15 pm cut-on cold filter. A Si bolometer
was used as the reference detector to obtain the back-
ground spectrum and the responsivity. The bolometer,
which has a flat response up to ~1 mm was calibrated
using the load curve [56] and found to be (3.4+0.03)
x10° V/W, in excellent agreement with the respon-
sivity given by the manufacturer 3.4x103 V/W. Figure
9 shows the spectral responses measured at different
forward biases for two samples of No. 9401 and No.
9404. A good qualitative agreement of theoretical
model and experimental results can be seen by com-
paring Fig. 9 with Fig. 5. The long tailing behavior in
the long wavelength region reflects the nature of in-
ternal photoemission.

Polarization-dependent response signal, as expec-
ted, showed to be independent of the polarization an-
gle, which is indicative of a free carrier absorption in
type II HIWIP detectors (see Fig. 10).
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Fig. 10. Polarization dependence of the No. 9603 detector
photosignal at a bias of 83.0 mV, which shows a free carrier
absorption in HIWIP detectors.

The wavelength where the spectrum signal first
reaches zero is at 92+1 ym for No. 9401 and 831 pm
for No. 9404, corresponding to the A of 1 3518:? meV
and 14.9f8:12 meV, respectively. The wavelength at
which the mean (of at least 8 curves) response first
reaches the same level as the maximum of the stan-
dard deviation of the spectra, (i.e., noise level), which
was denoted as A, is 85 =1 pm for No. 9401 (at 193
mV bias) and 76 £1 pm for No. 9404 (at 91.5 mV
bias) as determined in Fig. 11. The effective barrier
height of the HIWIP detector can also be determined
by using an activation energy analysis of the thermi-
onic current. The thermionic emission (dark) current
I4 is given by
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Fig. 9. Spectral response measured at 4.2 K for two samples at different forward biases: (a) No. 9401 with N, = 3x10'8 cm3,

Wavelength (um)
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showing a cutoff of 85 +1 pm. The deep valley at 36.5 pm is due to the transverse optical (TO) phonons of GaAs. The inset in
(a) shows an Arrhenius plot for No. 9401 indicating a A of 11.6 £0.4 meV at 12 mV (labeled as 2) and 11.2 +0.4 meV at 6 mV
(labeled as 1) corresponding to an even longer A.. (b) No. 9404 with N, = 1x10'8 cm™3, showing a cutoff of 76 £1 pm.
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Fig. 11. (a) Spectral response for No. 9401 taken at 235.7 mV repeated for 8 times over a period of 5 hours. The peak at
around 60 pm exhibit excellent overlap in the 8 curves as seen, confirming that it could not be due to noise. The dark line
indicates the deviation (noise level) curve. (b) The spectral response for No. 9404 taken at 91.5 mV repeated for 16 times over
aperiod of 10 hours, with the standard deviation (dark curve). The insets in (a) and (b) are the blow ups of the marked area of
the mean and the deviation curves to show the determination of A..

where T is the absolute temperature, and q¢g is the
thermal potential barrier height above the Fermi level.
The detector dark I-V characteristics were measured
down to 1.6 K and found that the dark current has a
strong temperature dependence above 12 K. The inset
in Fig. 9(a) show an Arrhenius plot (of dark current vs
reciprocal temperature,) for No. 9401 resulting in a
qdg of 11.2 £0.4 meV at 6 mV bias (labeled 1) and
11.6 £0.4 meV at 12 mV bias (labeled 2) indicating
A is even longer than 92 pm.

The optical barrier height A determined by spectral
response measurements is usually larger than the ther-
mal potential barrier qdg [9]. The discrepancy results
mainly from the energy loss of the photoexcited carri-
ers by inelastic scattering prior to the carrier emission.
On the other hand, this difference can help to identify
the free carrier absorption mechanism in detectors.
The very small energy difference (~3 meV) in the
HIWIP detector shows that the photoexcited holes
suffer less inelastic scattering in the emitter layers and
the free carrier absorption mechanism in HIWIP is an
acoustic phonon-emission assisted process. In con-
trast, the absorption in GeSi/Si structures at 80 K is an
optical phonon-emission assisted process [57]. This is
due to the low temperature operation of HIWIP struc-
tures. This result also indicates that the GaAs HIWIP
FIR detector is an efficient detector, suitable for FIR
detection.

The responsivity curves show a strong bias depend-
ence, increasing significantly with increasing bias.
However, the bias cannot be increased indefinitely as
the dark current also increases with bias. The A, also
shows a strong bias dependence in the low bias range
as seen before. The spectral response at reverse biases
is similar to that at forward biases, but the responsivity
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is somewhat smaller as expected since the top emitter
has no contribution to photocurrent for the reverse bias
case. It is noted that the spectral response exhibits a
deep valley between 35 and 40 pm. The valley minima
correspond to the transverse optical phonon energy in
GaAs [58]. The peak near 35 pm associated with the
absorption minima at 36 pm is a characteristic feature
of GaAs absorption and reflection curves [58]. The
sample No. 9401 exhibits remarkably reproducible
spike responses at 34.0 and 59.5 pm, which are not due
to noise as is evident from Fig. 11. This becomes stron-
ger with increasing bias as shown in Fig. 9(a). Their
origins can be due to the local vibrational mode
(LVM), hydrogenic transitions and the defects in the
samples. Experimental results show that it almost dis-
appears in lower doped emitter layer samples [see Fig.
9(b)] and its position also changes with different dop-
ing concentrations. The hydrogenic transitions of Be
acceptor impurity 1s to 2p, 3p, 4p, and continuum are
expected at 59.1 pm, 49.8 pm, 47.2 pm, and 44.3 pm,
respectively. Here the peak at 59.5 pm which is be-
tween 44 and 60 pm could be the 1s — 2p transition.
The LVM absorption of Be impurities in GaAs was re-
ported at 20.7 pm in literature corresponding to the
100% abundant °Beg, acceptors [59]. This indicates
that the 34.0 pm structure is mainly associated with the
defects in the surface or interfaces of the sample.

4.4. Cutoff wavelength

The A, of HIWIP detectors shows strong bias and
emitter layer concentration dependences due to the
MIF effects and band edge lowering. The longest A s
obtained from the responsivity spectra are 76 £1 pm
for No. 9404 at 91.5 mV bias, 85 £1 pm for No. 9401
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at 193.0 mV bias, and 93 £1 pm for No. 9603 at 157.0
mV bias. The lowering of the band edge due to high
doping can be described using the high density (HD)
theory in Sec. 2. However, the Fermi level Er deter-
mined by using the conventional density of state [Eq.
(3)] is considerably larger than the value determined
directly from the observed luminescence spectra [34].
A comparison of the calculated results from Eq. (3)
with the luminescence results [34] gave, for p-GaAs,
a difference of about 5 £1 meV for doping concentra-
tions between 1x10'® to 5x10' cm™3, and even
smaller differences with higher concentrations. This
difference is included here by using a modified Fermi
level expression: Ex =Eg —5+1meV, so the work-
function used is

qF
4meyE

A=AE (23)

Ef —

maj —

where the last term is the image force barrier lowering
due to the electric field F.

Using Eq. (23) and equations in Sec. 2.4, the dop-
ing concentration dependence of AE,; and A at zero
bias was calculated, as shown in Fig. 12, together
with the experimental workfunction results [corrected
to very low bias by Eq. (23)] by solid circles. It is
seen that the experimental A, is in reasonable agree-
ment with the calculations using the HD theory. This
result demonstrates: (i) the successful fabrication of
GaAs HIWIP FIR detectors using the interfacial work

80 500
p—-GaAs N I
e Exp. data A, °: 400
__60- -
> ~ 1 E E
£ ! N 300 S
B40- L=y
o @
& 2002
=
= 100
L
0 1 0
18 20

19
Log(N,) (cm™3)

Fig. 12. Calculated emitter layer doping concentration N
dependence of the shift for the major band edge AE,; and
interfacial work function A at zero bias from the high density
(HD) theory. The theoretical curve of A should have a
deviation of £1 meV due to the modified Fermi level (see
text). The experimental work function results [corrected to
very low bias by Eq. (23)] are shown by solid circles.
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function, (ii) the reliability and simplicity of HD the-
ory in calculating the shift of the band edge in highly
doped semiconductors. On the other hand, much lon-
ger A, GaAs HIWIP detectors could be obtained by
employing the emitter layer concentration in the order
of 10! em3, since, from the HD theory shown in Fig.
12, only a small increase in doping concentration can
cause a large decrease in work function A (large in-
crease in A.).

4.5. Responsivity

A high free carrier absorption coefficient
(103-10% cm™!) in FIR range is an important advan-
tage for HIWIP detectors. Also the absorption coeffi-
cient is almost independent of temperature due to the
almost temperature invariant carrier concentration
and mobility. The responsivity of a HIWIP detector is
proportional to its total quantum efficiency, which is
the product of photon absorption probability, internal
quantum efficiency, and barrier collection efficiency.
Since the Fermi level Eg, work function A and hole
mobility do not change very much with the hole con-
centration in the experimental region (1x10'8 —
8x10'8 cm™), it is assumed that the internal quantum
efficiency and barrier collection efficiency do not
change with the doping concentration. All three de-
tector samples have 10 multilayers, hence they should
have the same photocurrent gain enhancement.
Taking these into account, the variation of the detec-
tor responsivity with the doping concentration should
follow that of the absorption probability.

The photon absorption probability for N multilayer
HIWIP detectors can be calculated as

N, =(1—-Rg)[l—exp(-Na,W, )] (24)
where 0o, is the free carrier absorption coefficient in
emitter layer (thickness W,). By using the experimental
relationship in Eq. (11) and Rg = 0.3, and the layer pa-
rameters of the detectors, the photon absorption proba-
bility was calculated for HTWIP detectors as a function
of carrier concentration, and compared with the experi-
mental results for detector responsivity near 50 mV for-
ward bias, shown in Fig. 13. Due to the difference in the
parameter of W, (see Table 2) from the other two detec-
tors, the experimental responsivity of detector No. 9404
has been scaled to the same parameters as No. 9401 and
No. 9603 by comparing with the different absorption
probability in No. 9404. The experimental responsivity
of the detectors follows the absorption probability well.
The small deviation at high concentration is due to the
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Fig. 13. Theoretical (solid curve) photon absorption
probability as a function of hole concentration by using the
linear relationship [Eq. (11)] shown in the inset of Fig. 4 and
the 10 layer detector structure parameters given in Table 2.
Solid circles are the experimental detector responsivity near
50 mV forward bias.

slight decrease in diffusion length, which affects the col-
lection efficiency. Furthermore, it can be seen that the
photon absorption probability increases rapidly when
the hole concentration increases from 1x10' to 4x10"
cm™. Since the collection efficiency changes much less
than the absorption probability, this strong enhancement
of the photon absorption probability with the carrier
concentration shows that highly doped (~10'? cm™ or-
der) emitter layers are more attractive for higher quan-
tum efficiency (and responsivity) in p-GaAs HIWIP FIR
detectors.

5. High performance p-GaAs HIWIP
FIR detectors

This section reviews a high performance p-GaAs
HIWIP FIR detector [60] with the emphasis on re-
sponsivity (quantum efficiency), cutoff wavelength,
detectivity, uniformity, crosstalk, photoconductive
gain, response time, and noise characteristics.

The p-GaAs FIR HIWIP detector sample (No.
9604) was grown and fabricated as before. The MBE
epilayers consist of a 3000 A bottom contact p*™ layer,
a 1500 A undoped (i) layer, 20 periods of thin emitter
p* layers (thickness 150 A) and undoped i layers
(thickness 800 A), and finally a 3000 A top emitter
layer and a 3000 A top contact layer. The emitter lay-
ers were doped with Be to 4x10'® cm™. The top and
bottom contact layers were doped to (2-3)x10'? cm,
far above the Moitt transition value to ensure an ohmic
contact. Secondary ion mass spectroscopy (SIMS)
measurements confirmed the doping levels and profile.
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5.1. Responsivity and quantum efficiency

The responsivity R spectra of the p-GaAs HIWIP
FIR detector under different forward biases at 4.2 K
are shown in Fig. 14. These responsivity curves show
the same behavior as before. The responsivities are
larger than the previous results as this structure has 20
multilayers. The highest responsivity obtained here is
3.10 £0.05 A/W at a bias of 192.0 mV. Figure 15
shows the bias dependences of the detectivity D* and
peak quantum efficiency 1, determined from Eq. (18)
with g = 1. The quantum efficiency 1 (responsivity) is
roughly linear under low biases and gradually satu-
rates at high biases. However, the detectivity is al-
most independent of the applied bias and the maxi-
mum detectivity occurs at a bias just below the value
at which the quantum efficiency (responsivity) satu-
rates, as in the case of GaAs/AlGaAs quantum well
infrared photodetectors [47]. At high biases, the dark
current increases rapidly thereby reducing D*. At low
biases, the barrier collection efficiency 1 decreases,
lowering D* (discussed further below). Thus, D” ap-
pears relatively insensitive to bias. The highest de-
tectivity is 5.9x10'0 cmVHz/W at 4.2 K under a bias
of 83.0 mV. This value is at least five times larger
than the value reported [48] (see Table 2) due to both
high responsivity (multilayer effect) and low dark
current (good sample quality and device processing).

p-GaAs HIWIP

l 1s > 2p
T=42K

Responsivity (A/W)

0 T T T |
20 70 120
Wavelength (um)

] '| i

Fig. 14. Spectral response of p-GaAs HIWIP FIR detector
measured at 4.2 K under different forward bias values. The
deep valley at 36.5 pm is due to the transverse optical (TO)
phonons of GaAs. The structures marked with arrows are
believed to be related with interface states. The hydrogenic
excited states of the Be acceptors are expected to show
structures between 44 and 60 pm.
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Fig. 15. Bias dependences of peak quantum efficiency
measured at 30.0 pm (filled circles) and device detectivity
(open circles). Shown in the inset is the semi-log plot of the
barrier collection efficiency as a function of x,, the distance
from the interface to the barrier maximum, which is bias
dependent.

The maximum quantum efficiency in HIWIP FIR
detectors can be estimated by taking into account the
free carrier absorption and inelastic scattering loss.
By assuming a constant inelastic scattering mean free
path L, and a constant absorption coefficient o, in an
emitter layer of thickness W, with 2(N + 1) optical
passes due to multilayer N structures (1 comes from
an additional stacked layer), the maximum quantum
efficiency is given by

Mo = (1= exXpI=2(N + 1)a,,we]}exp(_‘%) i
e)

W
= 2(N + 1) ,d xexp[—zi]

Z

Using the concentration P, dependence of the ab-
sorption coefficient of Eq. (11) with P =
4x10'® cm~3, 20 multilayers (N = 20), a typical value
of L, = 200 ~ 300 A in p-GaAs [61], and an emitter
layer thickness of 150 A, we get Nyx = 12.7% in the
present GaAs detector, in good agreement with the
experimental result of 12.5% at a bias of 192.0 mV
shown in Fig. 15. Two other detector samples with
10 multilayers (N = 10) and a single layer (N = 0)
were also measured, with all the other parameters the
same, and the maximum quantum efficiency was
6.1% and 0.5%, respectively, consistent with the the-
oretical prediction of 6.6% and 0.6%. In addition, an
optical cavity would gain another factor of two in the
optical pass.
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5.2. Bias dependence characteristics

The bias behaviour of the quantum efficiency in
Fig. 15 results from the fact that the net quantum effi-
ciency has two components. One is N,y as discussed
in Sec. 5.1 (including both the photon absorption
probability and internal quantum efficiency), and the
other is the barrier collection efficiency 1, which is
bias dependent due to the image force effect. A
semi-log plot of 1), as a function of X, is shown in the
inset of Fig. 14. The linear relation demonstrates that
the experimental results can be well described by
above simple approximation. The solid line in the fig-
ure corresponds to the regression of the experimental
data, which yields the hole scattering length L of 276
+2 A in p-GaAs. In terms of the above model, the ef-
fect of bias-independent. scattering mechanisms such
as those due to interface states has been lumped as a
constant.

The responsivity curves shown in Fig. 14 also dis-
play a strong bias dependence of cutoff wavelength
A, increasing with the applied bias due to the image
force effect. The experimental data are shown as solid
circles in Fig. 16. The theoretical A, (solid curve) is
calculated by Eq. (23). It is seen that the experimental
A, is in good agreement with the calculation with a
maximum deviation of 1.0 meV. The A, is tunable
with applied bias voltage (from 80 ~ 100 pm for a
bias range of 7 mV to 192 mV), and can also be tai-
lored through the emitter layer doping concentration.
However, the experimental A, decreases with the in-
crease of applied bias under very high biases. The
cause of this experimental result, though not well un-
derstood, is thought to be due to hot carrier effect
[62]. Under high electrical fields or strong irradiation,
the temperature of carriers in semiconductors increa-
ses and the states above Fermi level are occupied by
localsed carriers [62]. Here, a bias of 192.0 mV (cor-
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Fig. 16. Bias dependence of cutoff wavelength in the
p-GaAs HIWIP detector at 4.2 K. The maximum deviation
between the theory (solid curve) and experiment (filled
circles) is 1.0 meV.
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responding to an electrical field ~1.2x103 V/cm) re-

sulted in a dramatic decrease of the photoconductivity
signal near A..

5.3. Uniformity and crosstalk

In addition to studying the effect of the number of
layers, the bias dependence of the quantum effi-
ciency, D%, and A, the uniformity of the detectors was
also tested. The dark current of 7 randomly chosen
relatively large mesas (460 pm x 460 pm) at 4.2 K
was quite uniform (as shown in the inset of Fig. 17)
with a standard deviation of 15.4% at a bias voltage
of 200 mV. Furthermore, the bias dependence of D*
for the 7 mesas is shown in Fig. 17, the values are
within experimental errors. The relatively low D* can
be due to dark current leakage in larger mesas. These
results clearly demonstrate the possibility of high uni-
formity required for large FIR focal plane arrays,
since the typical pixel size for arrays is much smaller
than the tested devices, (e.g., 50 pm X 50 pm in
GaAs/AlGaAs QWIPs [47], and thus the dark current
per pixel, together with the standard deviation, would
be about two orders of magnitude smaller.

Figure 18 shows the crosstalk of the p-GaAs
HIWIP FIR detector measured by focusing the inci-
dent light spot on one mesa and monitoring the photo-
conductivity outputs of the adjacent mesas. Output
photoconductivity signal when the light is on mesas
(a) and as a percentage of direct incident signal (b).

o)]
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Mesa 4
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Mesa 6
Mesa 7

Detectivity (1010 cmHz"/2/W)
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Fig. 17. Bias dependence of device detectivity of 7 randomly
chosen 460 pm-square mesas at temperature of 4.2 K.
Shown in the inset is the dark current of the 7 mesas at 4.2 K
and a forward bias of 200 mV. Some dark current leakage is
observed in these larger mesas. The uniformity of the
p-GaAs HIWIP FIR detector is demonstrated by both the
uniform dark current and detectivity.
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Fig. 18. The crosstalk of p-GaAs HIWIP measured by
focusing the incident light spot on one mesa and monitoring
the photoconductivity outputs of the adjacent mesas, Qutput
photoconductivity signal when the light is on mesas (a) and
as a percentage of direct incident signal (b).

At the bias with the highest detectivity (83.0 mV), the
crosstalk is found to be 2.29% for mesa (a) and
0.061% for mesa (b). The maximum output percent-
age (5.70% and 0.16%) corresponds approximately to
the maximum output of the device (at 192.0 mV).
Lower values of crosstalk have been achieved under
various bias conditions. This crosstalk is comparable
to 2.1% (in the first nearest column case) in Si:As
BIB detectors [63].

5.4. Photoconductive gain

The study of photoconductivity generation mecha-
nism and photoconductive gain can help us obtain a
clear physical understanding of the device operation.
In QWIPs, the photoconductive gain has been widely
studied [47,64-66], which has shown that the
photoconductive gain is inversely proportional to the
number of quantum wells and that the current
responsivity is independent of the number of wells.
However, in internal photoemission infrared detec-
tors, the current responsivity R and quantum effi-
ciency M increase with the number of emitter layers
due to the multilayer effect [67,68]. The responsivity
is related to gain g by Eq. (18). There is no detailed
study of photoconductive gain in internal photo-
emission detectors in the literature [68].

Unlike the usual interband transition, where both
electrons and holes can be created when the optical
energy hv is greater than the energy gap E,, and the
semiconductor does not need to be doped, the
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intersubband based QWIPs must be doped since hv <
E, and thus the photon energy is not sufficient to cre-
ate photocarriers. The photocarrier generation mecha-
nism is an excitation of an electron (hole) from the
doped quantum well ground state in the conduction
(valence) band to an unoccupied excited or contin-
uum state in the same band. These QWIPs are some-
what analogous to extrinsically doped semiconduc-
tors, but with much larger optical transition dipole
moments [69]. Therefore, only one kind of photo-
carriers (electrons in n-type, and holes in p-type) can
be created in QWIPs, and an extra current from a con-
tact is necessary to balance the loss of photocarriers
from the well due to photoemission. The photocon-
ductivity comes from the variation of the carrier con-
centration and the total photoconductivity consists of
contributions from direct photoemission and the extra
current injection, which can well explain the experi-
mental observations of large (>> 1) photoconductive
gain and its inverse proportionality to the number of
wells [64,65].

In internal photoemission junction detectors, the
incident photons are absorbed in the emitter layers by
the free carrier absorption mechanism, and under suit-
able bias conditions the photoexcited carriers with en-
ergy hv larger than the band-edge offset between the
doped emitter layer and the undoped transit region ®
(hv > ®) are emitted across the junction and then col-
lected. For a homojunction, the band offset is deter-
mined by the doping-induced bandgap narrowing of
the emitter region, while for the heterojunction (e.g.,
GeSi/Si) it depends on the alloy bandgap [11]. In both
cases, electrons and holes will be created and the car-
rier concentration in emitter layers remains constant.
The increase of hot carrier energy will alter its mobil-
ity from its equilibrium value, since the mobility is
determined by the ionized impurities and en-
ergy-related scattering processes. Therefore, it is the
change in mobility of the hot carriers that results in
the photoconductivity, which mainly depends on the
free carrier absorption and photocarrier relaxation
processes [70]. This hot carrier effect can well explain
the experimental (gain and responsivity) results, with-
out an extra current injection [71,72].

After photogenerated carriers created in the emit-
ter layers by free carrier absorption due to optical illu-
mination, they are either swept out by electric field to
generate photocurrent, or else they are captured by the
emitter layer and recombine. The ratio of the number
of photocarriers collected to the number of photons
absorbed (exclude inelastic scattering loss) is conve-
niently expressed as the barrier collection efficiency
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M. This is equal to the ratio of the sweep-out rate and
the total carrier loss rate (sweep-out and recombina-

tion)
1 1 1
= —+—|=1-P
L s

where T, is the sweep-out time, T, is the recombina-
tion time, and P, = T/(T, + T,) is the capture or trap-
ping probability as defined in QWIPs [47,65].

The infrared photo-ionized holes in the emitter
layers drift through the undoped i-regions and con-
tribute to the photocurrent. Taking into account the
fact that the photon flux could depend on the location
of the emitter layers, the photocurrent directly ejected
from the n™ emitter layer is

(26)

i =elpn™n 1-P,)™ (27)

where I is the photon flux in the first emitter layer,
and N®™ is the quantum efficiency for a single n
emitter layer. The total quantum efficiency m in N
multilayer internal photoemission detectors can be
calculated by taking into account the free carrier ab-
sorption and inelastic scattering loss. From Eq. (25),
we have: 1 = Nn®, since o and d are usually in the
orders of 103 cm™! and 107 cm, respectively.

Since there is no contribution from the extra injec-
tion in internal photoemission detectors, the photo-
current collected in the collector contact from all the
emitter layers is

N
1 . 1-(1-P.) (28)
N B
The experimental quantum efficiency of HIWIP
detectors shows a good agreement with the theory in
Eq. (25) confirming that the barrier collection effi-
ciency 1. is nearly 100% at higher bias values. Thus
further increase in bias is not expected to lead to a
significant increase in responsivity, as shown by the
saturation behavior of the responsivity. Furthermore,
the recombination time should be much longer since
the internal photoemission far infrared detectors oper-
ate at low temperatures and very long wavelengths,
where acoustic phonon scattering plays an important
role. These results show that P, could be much less
than 1. As a result, Eq. (28) becomes

I, =elgmn, (29)
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Therefore, the photoconductive gain of an internal
photoemission infrared detector is independent of the
number of emitter layers

g=1-P, (30)
which is less than but close to 1 due to weak capture
probability. In addition, for the worst case of assump-
tion P, << 1 in a single emitter layer structure, the
above equation can be directly obtained form Eq.
(28). However, the responsivity [I,/(hvIg)] is propor-
tional to the number of emitter layers since 1 o< N as
seen in Eq. (25). The conclusion is in contrast to that
of QWIPs due to the different photocarrier generation
mechanisms.

The photoconductive gain g and responsivity R
versus number N of emitter layers for the p-GaAs
homojunction internal photoemission far-infrared de-
tector are shown in Fig. 19. The gain values are calcu-
lated from the combination of response and absorp-
tion measurements as discussed in Ref. 47. As shown
in Fig. 19, the photoconductive gain values are inde-
pendent of N and are actually less than but close to 1,
while the responsivity is proportional to the number
of emitter layers. In addition, the photoconductive
gain in a p-GeSi/Si heterojunction internal photo-
emission detector (3 multilayer) is also estimated to
be 0.93, based on the experimental results of quantum
efficiency and absorption, which are in good agree-
ment with the theoretical conclusions obtained above

® Gain in p-GaAs
A Gain in p-GeSi/Si
O Responsivity in p-GaAs D

-
no
Responsivity (A/W)

Photoconductive gain

0

|
0 10 20
Number of emitter layers

Fig. 19. Experimental photoconductive gain and current
responsivity versus number of emitter layers in p-GaAs
homojunction and p-GeSi/Si heterojunction internal
photoemission infrared detectors.
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[68]. The relatively small increase in gain with in-
creasing number of layers, for example, the gain val-
ues for 1, 10, 20 emitter layers are 0.834, 0.925,
0.983, as seen in Fig. 19, is due to the weaker capture
probability for more layers, possibly as a result of im-
pact ionization of photocarriers [21].

5.5. Response time

FIR (= 50 pm) detectors have typically been ex-
pensive and/or difficult to fabricate. Most commercial
detectors in that wavelength are thermal detectors
such as bolometers and pyroelectric detectors which
tend to have slow response times. The photodetection
mechanism of the HIWIP FIR detectors suggests that
this type of detectors may meet the recent attempts to
extend fast photoconductors into FIR range. In
QWIPs operating in mid-infrared wavelengths (4-20
um), the response times have been widely studied
[47,65,73,74], showing the intrinsic high speed.

The response time of the p-GaAs HIWIP detector
can be estimated from the bias dependent responsivity
measurements [75]. Under light irradiation, excited
carriers are generated by free carrier absorption in the
valence band, however, the total number of carriers
remains constant with an effective temperature T,
(deviation from equalibrium temperature T) in a hot
carrier population. The photoconductivity is given by

Ao = qP[u(T,) - ()] (31)
where P is the carrier concentration, L is the mobility.
For a slight heating of the carriers, we have

Ao=qp2 (T, -Ty) (32)

| g

Therefore, the photoconductivity is directly related to
the transport properties of the hot carriers. The tem-
perature rise T, — T has now to be related to the inci-
dent power

Pky(T, =Ty) _ Ion
T AgD

33)

where T is the energy relaxation time of the hot carri-
ers, which in the limit can be regarded as the detector
response time. The left term of Eq. (33) represents the
power transferred to the lattice by the hot carriers,
while the right term displays the power transferred to
the hot carrier distribution.
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The current responsivity R under the bias voltage
V can be expressed

i S flE
kyD? \ 9T

Using the temperature dependent mobility [76] (K
< T32) due to the ionized impurity scattering for the
low experimental temperature of Ty = 4.2 K, the cur-
rent responsivity can be rewritten as

vV (34)
=1,

R = m LV (35)
2D?* kgTo

Figure 15 has shown the bias dependence of quan-
tum efficiency (responsivity) measured at 4.2 K. The
measured quantum efficiency (responsivity) increases
linearly with the bias at low bias voltages as Eq. (35)
predicts. The saturation of the quantum efficiency
(responsivity) at high biases is due to the quasi-deple-
tion of the impurity band as proposed in a simple re-
combination model [38]. For a given bias, the
responsivity is proportional to the response time,
which is the same as in the case of intrinsic or extrin-
sic photoconductive detectors. Taking the total ab-
sorption quantum efficiency of 12.7%, detector thick-
ness D of 1.6 pm, measured mobility of 60 cm?/Vs for
similar doping levels [37], and the slope of
242 A/WV in linear region of R vs V graph in
Fig. 15, the response time of the detector is estimated
to be about 20 ps, corresponding to a cutoff frequency
of 8.0 GHz. This result is close to the high speed
GaAs/AlGaAs QWIPs [47,73,74] and shows the suit-
ability of HIWIP detectors for high-speed heterodyne
applications.

5.6. Noise measurements

Noise measurements provide a valuable diagnostic
tool for the evaluation of electric and optoelectronic
devices and their long-term performance. Characteriza-
tion of low frequency noise in HIWIP FIR detectors
[77] is useful not only for improving the device perfor-
mance, but also for getting information about the phys-
ical properties, such as interface states, gain, etc.

The noise characteristics were measured using a
low noise preamplifier (SR 560) and a fast Fourier
transform (FFT) spectrum analyzer (SR 780) with the
detector temperature at 4.2 K. The equipment was
calibrated by measuring the room temperature noise
level of a conventional 4.6 kQ resistor. Typical cur-
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rent noise spectra of the studied p-GaAs HIWIP FIR
detector at 4.2 K for various forward bias values are
presented in Fig. 20. Similar noise behaviour was ob-
served under reverse bias conditions. Also observed is
the symmetry in dark current noise under forward and
reverse biases due to the symmetric current-voltage
(I-V) characteristics in HIWIP detectors. All the
spectra display 1/f noise dependence at frequencies f
below 1 kHz and are independent of frequency at
higher values. The observed current noise spectra re-
sult from 1/f flicker noise and shot noise spectra. Ab-
sence of Lorentzian type noise in the noise spectra in-
dicates that the current noise power density can be
written as

(24

s.(fy=c il (36)
f‘B

where C! is the amplitude of the flicker 1/f noise, and

CIl = 4q Ig denotes the shot noise spectrum, as in

QWIPs [47].

At low frequencies (f < 1kHz), the value of B is
found to vary from 1.0 to 1.2 and no simple relation-
ship was found between [ and bias. In order to under-
stand the origin of the 1/f noise, a plot of 1/f noise
power density S; as a function of dark current Iy at
frequencies of 10, 100, and 500 Hz is measured and
shown in Fig. 21. It is found that the 1/f noise power
density is proportional to I§ with an o value of

2.05 ~ 2.10. This type of behavior indicates that the
origin of the 1/f noise could be interpreted in terms of
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Fig. 20. Measured dark current noise spectra of p-GaAs
HIWIP far-infrared detector at 4.2 K for various forward
biases. The dashed line represents the 1/f dependence of the
noise power density S;.
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a random fluctuation in the occupancy of the interface
trap centers which can lead to generation-recombi-
nation (G-R) 1/f noise [78]. Two representative mod-
els of the 1/f noise have been proposed [79,80]. One
model, the number fluctuation theory [79], is based
on the slow fluctuations in the total number of carriers
taking part in hopping conduction, resulting in the !
frequency and Iﬁ dark current dependences of the

noise power density given by the well-known Hooge
formula [81]. The other model [80] predicts a linear
dependence of S; on Ij. The free carrier absorption
and internal photoemission in HIWIP detectors lead
to carrier number fluctuations, which would result in
current fluctuations in the external circuit when a net
current flows through the detector. This kind of noise
is related to the presence of interface localized states
[78], which is in good agreement with the results
from the detector response spectra, where one re-
markably reproduciable spike response was observed
and attributed to the localized nature of interface
states.

The origin of the interface states, which normally
have a sheet density of 100 ~ 10'2 cm™2, can be the
dangling bonds in the interfaces, Coulomb potential
of charged ions, and impurities near interfaces
[82,83]. If the G-R current noise is generated mostly
by interface states near the Fermi level, the interface
states can be estimated from the noise power density
S; by the following equation [78]

_C I

= (37
AO fos

Si(f)

- where C is a constant which in practice = 0.1, Ay =
1.6x10~% cm?, and N, is the interface state density.

Since the energy distribution of interface states is
determined by the Fermi level, the density of interface
states should change exponentially with the Fermi
level, providing an independent confirmation. Under
different biases, the position of the Fermi level at the
interfaces with respect to the barrier is determined by
the barrier lowering A®. Figure 22 shows the density
of interface states obtained from Eq. (37) as a func-
tion of barrier lowering A® calculated from Eq. (14).
Accordingly N;; was found to increase exponentially
with the barrier lowering, which can be well fitted
(the solid line in Fig. 20) by an empirical state-density
distribution

AQ
N =Ny eXP[E—J

i

(38)
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Fig. 21. 1/f noise power density S; as a function of the dark
current I at frequencies of 10, 100, 500 Hz. The dashed line

represents the Iﬁ dependence of the noise power density S;.

with Nig = 3.5x10'! cm™ and E; = 1.75 meV. The es-
timated N, is in the order of 10'0 ~ 101! cm™2, a value
which compared favorably with the density of inter-
face states (2.5x10'! cm2) reported for MBE grown
Be-doped p-type GaAs [84].

The capacitance and conductance of the detector
were also measured at 4.2 K with the help of a
Hewlett-Packard multifrequency LCR meter (4284
A). The interface state density was calculated and in-
tegrated as a function of bias from the low frequency
(10 KHz) capacitance data with the relation N;; =
C.Jq2A,, where C,, was the interface state capaci-
tance calculated from an equivalent circuit of the de-
tector, which is similar to the GaAs/AlGaAs QWIPs
[85]. Shown in the inset of Fig. 22 is the interface
state density obtained via capacitance-voltage (C-V)
measurements, comparing with the results from the
noise measurements. The interface state results from
C—V measurements roughly agree with the order of
101 ¢m™2 and show the same bias dependent behav-
iour as the noise measurements. The C—V measure-
ments are much noisier at frequencies below 10 KHz.
However, the estimation from noise measurements is
only valid below 1 KHz. This difference in frequency
may have resulted in the deviation in estimating the
interface states.

The noise measurements also provide a means for
gain determination [47]. For frequencies above 1 kHz,

© 1999 COSiW SEP, Warsaw



10}
r.fa"‘
=
2 &
@ E
b= s
Z 10" -
10 T
Lo 100
1010 Bias (mV)
0 2 4

Ag (meV)

Fig. 22. Interface state density Nj as a function of barrier
lowering A¢ due to the image force effect, which changes
the position of the Fermi level at the interfaces with respect
to the barrier. The solid line is a curve fitted to Eq. (38) with
fitting parameters of Ni = 3.5x10!! cm™, and E; = 1.75
meV. Shown in the inset is the interface state density
obtained via capacitance-voltage (C—V) measurements and
noise measurements.

the noise was independent of frequency and was dom-
inated by shot noise. The gain g can be obtained using
the current shot noise expression [C! in Eq. (36)].
Combining S; and I; allows the experimental determi-
nation of g as shown in Fig. 23, where the smooth
curve is drawn through the experimental points. For
this HIWIP detector, the determined gain increases
rapidly with bias at low voltages, and gradually satu-
rates (near the bias with the highest detectivity). This
behaviour is similar to the case of QWIPs [47]. The
highest value of g is ~0.95 at a bias corresponding to
the highest responsivity. This value of gain is in good
agreement with the previous estimation of 0.984, by
combining the experimental responsivity and quan-
tum efficiency.

Furthermore, using the optical gain equation we
have derived for HIWIP detectors: g = 1 — P, the shot
noise power density can be rewritten, if we ignore the
difference between noise gain and optical gain, as

Si =4ql4(1-F,) 39)
The dark current in HIWIP detector is also related to
P

c

I; =qGAW,(1-P,) (40)

where W, is the thickness of a single emitter layer.
The thermal generation rate G (per unit volume) of a
single emitter layer provides carriers for internal
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Fig. 23. Experimentally determined gain g vs forward bias
for the p-GaAs HIWIP detector at 4.2 K. The smooth curve
is drawn through the measured data. The inset shows the
shot noise power density S; as a function of the dark current
I, at a frequency of 1.5 kHz.

photoemission and have a probability (1 — P,) to es-
cape. Substituting Eq. (40) into Eq. (39) gives

MG (41)

' GAW,
which shows the shot noise power density is also pro-
portional to I3, similar to the 1/f noise. This can be
clearly seen in the inset of Fig. 23, where the shot
noise S; is displayed as a function of dark current at a
frequency of 1.5 kHz. Similar results have been ob-
tained in GaAs/AlGaAs QWIPs [86]. Furthermore,
equaling Egs. (37) and (41) yields for the corner fre-
quency f,

CGW,
4N

Jo= (42)

is

The fact that in Fig. 20 the corner frequency increases
with increasing bias suggests indeed that N is reduc-
ing with bias (provided G is constant). However, the
corner frequency variation with bias can not be deter-
mined accurately (see Fig. 20).
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The measured shot noise data can be used to di-
rectly estimate the noise equivalent power (NEP) in
the p-GaAs HIWIP FIR detector via NEP = \/Si/R,
where R is the responsivity. At a bias of 89 mV, the
measured shot noise S; is 8.3x107% A?/Hz, and the
responsivity of the detector is 2.12 A/W. This yields a
NEP of 4.3x10-13 W/VHz (detectivity D* of
6.0x101° cmVHz/W), also in good agreement with the
previous optical estimation D* of 5.9x101° cmVHz/W
at a bias of 83 mV.

5.7. Comparison with Ge:Ga
photoconductor

These experimental results are comparable to the
performance of the best Ge:Ga photoconductor detec-
tor operated at 3.0 K [27], with responsivity ~5.2
A/W, and detector quantum efficiency ~7.7%. The
responsivity (quantum efficiency) of the HIWIP could
be further improved by employing optimum parame-
ters and an optical cavity. In addition to this, the pres-
ent GaAs HIWIP detectors have potential advantages
including

(i) the easy tunability of response and cutoff wave-
length by the emitter layer concentration and the
applied bias, and the enhancement of response
bandwidth and multi-wavelength detection by
employing different concentration in multilayers,

(ii) the mature GaAs growth technology [high uni-
formity and well controlled MBE growth with
high yield (thus low cost)], and monolithic inte-
gration technology for large arrays (128128 or
larger). In comparison, there are many technolog-
ical challenges for building large format arrays in
germanium [27]. However, the HIWIP detectors
are low impedance electrical devices (dark resis-
tance ~60 kQ at 4.2 K compared to that of >1010
Q in Ge:Ga at 3.0 K [27], resulting in relatively
high dark current. Since the previous p*-n-n*
samples show extremely low dark current [26],
approaching the measurement limits, one should
be able to reduce the dark current significantly by
embedding the HIWIP detectors in a p-n junc-
tion.

6. Summary and discussion

It is shown that homojunction internal photoemis-
sion (HIP) detectors can be classified into three types
in terms of the doping concentration in the emitter
layer: type I (N, < N), type IT (N, < N, < Nj), and
type IIT (N, > Ny). Their photoresponse mechanisms
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have been distinguished and compared. In principle,
A, can be tailored by changing the doping concentra-
tion. An analytic expression from the high-density
theory has been used to obtain the A, vs N, relation-
ship in type II HIWIP FIR detectors, where an ana-
Iytic model has been introduced to describe carrier
photoemission processes. This model includes photo-
excitation due to free carrier absorption, internal photo-
emission, and interfacial barrier collection due to the
image force effect. For GaAs p*-i structures, the ef-
fects of doping concentration, emitter layer thickness,
applied bias voltage (electric field), on photoresponse
performance (spectral response and quantum efficien-
cy), have been calculated and shown high perfor-
mance Si or GaAs FIR detectors (A, > 40 pm) can be
achieved.

The HIWIP concept using MBE grown GaAs p*-i
multilayer structures have been demonstrated experi-
mentally. A theoretical and experimental study of the
performance of p-GaAs HIWIP FIR detectors as a
function of emitter layer concentration was carried
out. Thermionic field emission was found to be a ma-
jor source of dark current. By comparison with the
theory, the leakage current and defect induced current
have been identified. A reasonable agreement was
found between the experimental A, and the high den-
sity theory. A linear regression relationship between
the absorption coefficient and the hole concentration
has been obtained and employed to calculate the pho-
ton absorption probability, which is found to follow
the detector responsivity well.

The HIWIP detector characteristics, such as res-
ponsivity, quantum efficiency, bias effect, detectivity,
uniformity, crosstalk, photoconductive gain, response
time, and noise, have been investigated in detail in a
high performance p-GaAs HIWIP FIR detector,
which shows a responsivity of 3.10 £0.05 A/W, an of
12.5% and a detectivity D* of 5.9x10'0 cmVHz/W at
4.2 K, for A, from 80 to 100 pm. The preliminary ra-
diation exposure test of the HIWIP detectors shows
they are radiation hard. A comparison with Ge:Ga
photoconductive detectors suggests that a similar or
even better performance may be obtainable. Prelimi-
nary results obtained are promising and show that
p-GaAs HIWIP detectors have great potential to be-
come a strong competitor in FIR applications.

It is clear that higher performance and longer A,
(~200 pm) p-GaAs HIWIP FIR detectors can be ob-
tained with the emitter layer concentration in the or-
der of 10! cm™. Also experimentally demonstrated
was the Si type I HIP FIR detectors using MBE
grown Si p*-i multilayer structures [87]. Further work
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is under way to design and fabricate high doping con-
centration type II Si HIWIP FIR detectors and longer
L. (~200 pm) GaAs detectors. It is also possible to de-
sign detectors with wider wavelength ranges or to
have multicolor detectors by changing the adjacent
emitter layer doping concentrations.

The surface or interface defect states can influence
both the dark current and the responsivity spectrum.
Some passivation procedures may be necessary to
overcome this problem. Further performance enhan-
cement could be obtained by using an optical cavity
or an antireflection coating (especially for shorter
wavelength structures) to increase the internal photo-
emission efficiency. The response of detectors shows
a broad spectrum (20-70 pm), the responsivity can
further be enhanced by using filters to narrow the in-
cident bandwidth [20]. Reducing the dark current
leakage, the NEP values of the p-GaAs HIWIP FIR
detectors could reach about 10-'4 (or even 10715)
W/VHz by using high quality material and guard rings
to suppress the edge leakage. Embedding the HIWIP
detectors in a p-n junction will give rise to a similar
situation that could lead to much lower dark current
and NEP.
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