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In this work, the activation energy obtained from the temperature dependent internal photoemission spectro-
scopy (TDIPS) and thermionic dark currents using GaAs/AlGaAs photodetectors are compared. Different barrier
heights within the p-type GaAs/AlGaAs heterostructures are studied. The temperature dependent spectral re-
sponse shows the red-shifting of the detector threshold wavelength for increasing temperature due to the de-
creasing band-offset. The activation energy extracted from Arrhenius plot of the dark current-voltage-tem-
perature (I-V-T), and measured spectral response show the carrier activation energy increases with increasing Al
mole fraction and decreases with increasing doping density. For Infrared detectors with =6.5 pm, the Arrhenius
analysis yields the values of activation energy with less than 5% deviation from the actual or TDIPS fitting
values. However, for detectors with longer threshold wavelengths (9.3 um), activation energy extracted from
the Arrhenius plot leads to energy values which deviate more than ~10% from the corresponding TDIPS values.
The higher percentage deviation (>3>10%) of activation energy determined by Arrhenius plot from the corre-
sponding TDIPS values attribute to the temperature dependent Fermi distribution tailing effect and

Fowler-Nordheim tunneling current.

1. Introduction

The threshold wavelength, A of an infrared (IR) photodetector, is
one of the most important parameters from a detector operational point
of view. This wavelength threshold of a photodetector is related to
characteristic energy, A(eV) = 1.24/4,(um), which is the minimum
energy for a photoexcited carrier to overcome the barrier and con-
tribute to the photocurrent. The design of different threshold wave-
lengths IR detector involves the selection of an appropriate potential
barrier [1] and adjusting the Fermi level by changing the carrier con-
centration [2] or doping. A high doping density not only decreases the
activation energy or increases the threshold wavelength but also in-
creases the impurity scattering for the photoelectrons. High barrier or
activation energy reduces the dark current and extends the dominant
region of the thermionic emission current. This barrier height can be
obtained from current-voltage-temperature (I-V-T), capacitance-vol-
tage-temperature (C-V-T), and temperature-dependent internal-photo-
emission spectroscopy (TDIPS) [3] based on measured spectral re-
sponses. The comparison and difference between the apparent barrier
heights obtained from C-V-T and I-V-T measurements are discussed in
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Song et al. [4,5] and others.

In this article, we compare two methods of determining the
threshold wavelength or activation energy of p-type GaAs/Al,Ga; _,As
to underline their respective advantages and disadvantages. The first
method is based on the well-known Arrhenius analysis (or Richardson’s
plot) of the experimentally measured I-V-T characteristics of detectors.
The thermionic emission (TE) model (Richardson-Dushman equation)
for dark current at different temperature are used to investigate acti-
vation energy (threshold wavelength) at low electric field while Fowler-
Nordheim (FN) or electric field emission (FE) models are briefly dis-
cussed at high electric fields. The activation energy extracted from
Arrhenius plot provides information to predict the spectral response of
detectors without carrying out spectral measurements. However, this
standard thermionic emission theory predicts temperature in-
dependence of the barrier height [6] while this is not always the case
experimentally. Hence, it is not always possible to determine the acti-
vation energy accurately for detectors displaying non-Arrhenius beha-
viors, such as strong temperature dependence of barrier height, tun-
neling and diffusion limited currents.

The neglected temperature dependence of activation energy (or
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Table 1
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Parameters for samples under discussion. SP1, SP2, and SP3 vary only in Al mole fraction while SP1, LH1001, and LH1003 have nearly the parameters and vary in

their doping levels.

Sample Al Fraction Barrier Thickness (nm) Emitter Thickness (nm) Doping N, (cm %) Number of periods Designed band offset(eV) at 78K
SP1 0.28 60 18.8 3 x 108 30 0.157
Sp2 0.37 60 18.8 3 x 108 30 0.207
SP3 0.57 60 18.8 3 x 10" 30 0.319
LH1001 0.28 60 20 8 x 10'® 30 0.157
LH1003 0.28 60 20 6 x 10" 30 0.157
LH1004 0.57 60 18.8 1 x 10 30 0.319

band offset) is revealed [3,7,8] in the past decade, by using internal
photoemission (IPE) based methods [3,9]. The temperature-dependent
internal-photoemission spectroscopy (TDIPS) [3] technique is one of
the methods based on IPE process. IPE spectroscopy has been ex-
tensively used [3,10,11] to determine the interfacial barrier height (A)
of different materials which defines the detector cutoff wavelength, A,
as a function of detector parameters, temperature, and applied voltage.
Now a days, TDIPS is a very useful [3] tool and used effectively to
characterize the band offset parameters of different materials such as
type-II InAs/GaSb superlattice (T2SL) [12,13] and MCT detectors
[13-15], GaAs/AlGaAs heterojunctions [3,13,16,17], PtSi-Si diode
[18], Si/HfO; interfaces [19], and a graphene-insulator-semiconductor
structures [10,11].

The IPE process can be characterized by the quantum yield, defined
as the number of emitted carriers per absorbed photons. Hence, the
quantum yield in TDIPS is proportional to the product of measured
spectral responsivity and photon energy [20]. Then, to obtain the ac-
tivation energy or photoemission threshold (A), fittings to the yield
spectra were carried out in the near-threshold regime at different
temperatures. In the expression for quantum yield spectra, the trans-
mission probability of carriers over the barrier, energy distribution
function, and the temperature dependent band tailing effects are in-
cluded. The carriers escape over the (AlGaAs in our case) barriers
through an internal photoemission process and hence, TDIPS is sensi-
tive to the temperature dependence of band offsets [3] (which is hardly
possible in Arrhenius analysis). The advantage of TDIPS fittings is that
only the spectral shape of the measured quantum yield determines the
activation energy. Since the thermionic emission current is independent
of the photon energy and only gives a constant background signal, the
background can be distinguished from the yield spectra, by fitting the
theoretical expression to the measured photoemission yield component
alone.

The detailed inter-sub band transitions of holes in p-type GaAs/
AlGaAs [20] and the temperature dependence of the band off set are
revealed using the TDIPS fitting [3] technique. Therefore, the focus of
this study is comparisons between activation energy determined by
Arrhenius analysis and TDIPS fittings to underline the advantages/
disadvantages of one over another in different temperature ranges for
different barrier heights. The significant discrepancy in the values of the
activation energy determined by Arrhenius technique and TDIPS fitting
for a detector with longer threshold wavelength (> 9.32 um)is because
Arrhenius analysis does not take the band tailing effect (sensitive to
temperature variation) into account. In addition, Fowler-Nordheim
(FN) tunneling current cannot be ignored for shallow barrier heights,
like in the thermionic emission model used for Arrhenius analysis.

2. Device structures and experimental procedures

Set of p-type GaAs/Al,Ga; As heterostructure samples were grown
with molecular beam epitaxy. The detectors demonstrated here are
heterojunction interfacial work function internal photoemission
(HEIWIP) detector which consists of alternative layers of highly p-
doped absorbing GaAs (emitters) and undoped Al,Ga; ,As barriers. The
active GaAs/Al,Ga;xAs regions are sandwiched between top and

bottom (p*-GaAs) ohmic contact layers. The highly p-doped and
18.8 nm thick GaAs emitters has three-dimensional energy states and
heavy holes (hh),/light holes (Ih) which are excited by incoming ra-
diations as reported in Lao et al. [20]. These carriers escape over the
AlGaAs barriers through an internal photoemission process occurring at
the emitter-barrier interface. The internal work function is defined by
the energy difference between the barrier bottom and the Fermi level
(or the valence-band edge if the Fermi level is above it) of emitters and
determines the threshold wavelength A..

In GaAs/Al,Ga, _ As heterostructures, the doping density in the GaAs
layers and the aluminum mole fraction (x), in the Al,Ga;_(As layers are
some of the key factors that affect the mechanism or magnitudes of the
dark current and photocurrent. Two important sets of experimental
results based on doping and Al mole fraction have been compared (see
Table 1). The first group is three heterostructures with the barriers
having three x values giving rise to three different barrier heights. The
Al mole fractions for the Al,Ga;_As barrier in detectors SP1, SP2, and
SP3 are 0.28, 0.37, and 0.57, respectively. In the second group, struc-
tures have three different doping levels. SP1, LH1001, and LH1003,
have doping levels of 3 x10¥em™2 8 x10%cem™2, and
6 x 10'? cm 3, respectively while other parameters are the same. All
the important parameters for various detector structures are summar-
ized in Table 1.

The detectors were fabricated into square mesas of 400 x 400 um?
with an optical window of 260 x 260 um? which allows front-side il-
lumination. To characterize the detector, the square mesas and the
ohmic contacts on the top and bottom layers were fabricated using
standard wet chemical etching. Then the detector was mounted on the
cold head of the liquid nitrogen-cooled Dewar or liquid helium-cooled
cryostat to allow measurements of spectral response and dark current.
Spectral measurements in the IR region for normal incidence radiation
were carried out using a Perkin Elmer System 2000 Fourier transform
infrared (FTIR) spectrometer while the dark current measurements
were performed using the Keithley 2400 source meter. The tempera-
tures were controlled and varied from 10K to 300 K using Lake Shore
330 Auto tuning Temperature Controller with an accuracy of = 0.01 K.
A calibration of the sample temperature may be required if absorption
of infrared light and position of temperature sensor causes appreciable
temperature variations in the samples. However, such a variation is
negligible in our experiment, as our temperature controller typically
has the stabilization accuracy of < = 0.1K.

3. Results and discussions

The temperature dependent spectral responses and I-V curves were
measured at different temperatures. The temperature dependent spec-
tral responses show a red-shift of detector threshold wavelength with
increasing temperature. The effective interfacial barrier height (or ac-
tivation energy) is extracted from the measured spectral response and I-
V-T data using TDIPS fitting and Arrhenius analysis (plot) respectively.
Arrhenius (or Richardson’s plot) analysis gives valid results only for the
temperature range where the thermionic emission is dominant and field
emission (tunneling through the barrier) is negligible. Therefore, dif-
ferent analytical dark current models, such as thermionic emission (TE),
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thermally assisted field emission (TFE) (or Fowler-Nordheim (FN)
emission), and field enhanced thermal or Frenkel-Pool (FP) emission
are briefly discussed for experimentally measured I-V-T data.

3.1. Thermionic emission

At low electric fields, for pure Ohmic behavior, the slope of In(J)
versus In(V) approaches unity. At low field and high temperature,
thermally excited carriers yield current with Ohmic characteristics that
exponentially dependent on temperature. The current-voltage char-
acteristics may be essentially assumed by the Richardson-Dushman
model of thermionic emission, in which the carrier acquired a thermal
energy sufficient to cross the barrier because of the superposition of the
external and the image charge potential. This model is usually valid at
lower fields and higher temperatures. Richardson-Dushman model that
physically justifies the temperature dependence of dark current is

J = AT*exp(—A/kyT) (1)

where the A is the activation energy and A is Richardson constant. At
higher fields, the barrier height for thermionic emission is reduced, thus
lowering the barrier height (or image force lowering). This effect is
termed as Frenkel-Poole (FP) or Field-assisted thermal emission (FTE)
as shown in Fig. 1. The activation energy in Eq. (1), with image force
lowering considered, may be written as

Aty | OF
A =40 \‘I 47 g€ (2)

where A(0), F, g,, € are the interface potential barrier height or zero-
field emission barrier height, the electric field, vacuum permittivity,
and dielectric constant, respectively. As can be noted from the equation
(1), the slopes of In(J/T*?) versus 1/kgT at different voltages should be
straight lines at high temperature ranges. Hence, for given electric field,
the activation energy can be determined from experimentally measured
J-V Arrhenius plot as

_ d(J/T”Z)
d(kyT) (3

This method is particularly valid for thermionic emission dominated

Emitter > Barrier
EI‘ _______ Z
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€
A(0) i
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: TFE (FN emission)
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Fig. 1. The highly p-type doped GaAs (emitter) and AlGaAs (barrier) interfacial
valence band profile under the influence of electric field. Assuming negligible
pure tunneling current, the three transmission currents are due to thermally
assisted (FN) emission, field enhanced (FP) thermal emission and thermal
emission (TE).
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Fig. 2. Arrhenius plot for SP1 which has an Al fraction of 0.28 for (a) 40-130K
temperature ranges and (b) temperature range from 70 to 120 K. The inset in

(b) is showing the Arrhenius plot for the relation In(R,A) exp(—%).

behavior over a wide temperature range where the temperature de-
pendence of the activation energy and tunneling current can be ne-
glected. The two possible hypotheses that explain non-linearity of the In
(J/T*?) vs 1/kgT plot are a strong temperature dependence of barrier
height, which is not taken into account in the 3D drift current density
model of thermal emissions and electric field assisted tunneling current,
and/or the combination of the two effects.

Fig. 2(a) shows the In J/T*?) vs 1/kgT characteristics for experi-
mentally measured [-V-T for temperatures in the rangel10-130 K over a
wide bias voltage range (0.1-8V). For SP1 (x = 0.28) and for tem-
perature, higher than ~70K, excellent linear fits were obtained (see
Fig. 2(b)) and this suggests that the exponential increase in the dark
current with temperature is due to carrier thermal excitation to the
higher energy states. In Fig. 2(a), for temperature lower than ~70 K, the
dark current density is relatively insensitive to temperature, and is an
attribute of phonon and electric field assisted tunneling. The activation
energy at (or near) zero electric field can also be calculated from the
dark current-voltage characteristics using the Arrhenius plot for the
relation R,A exp (Ay/kzT) where A, is the activation energy at zero

-1
field, R, = (:%) and A is the area of the detector.
V=0
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Fig. 3. Solid lines are TDIPS fitting for experimental quantum yield spectra of
SP3 at 78 K for four different biases. Inset shows the temperature dependence of
activation energy based on TDIPS fittings to the experimentally measured re-
sponse spectra.
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3.2. Temperature-dependent internal-photoemission spectroscopy (TDIPS)

The valence band offsets (AE,) of p-type GaAs/Al,Ga; _,As hetero-
structures (Table 1) and their temperature dependence were obtained
through analyzing quantum yield spectra measured at different tem-
peratures. The quantum yield is proportional to the product of photon
energy and measured spectral response [3,20]. The spectral shape of
the quantum yield near the threshold regime plays a crucial role to
determine the activation energy. Therefore, the dominant processes
affecting the energy distribution of carriers and their escape prob-
abilities across the interface will lead to the required expression for the
quantum vield. The quantum yield Y(hv) in terms of the photoexcitation
of holes in the emitter through inter-valence-band (IVB) transitions
[20], described by an energy distribution function p(e, hv — Eg), and
the transmission of holes over the barrier, described by a probability
function of P(e, A) reads as [3],

Y (hv) = Yo(KT) + Gy j:op(e, hy — Eg)f (€, hv)P(e, A)d € @
where Cy is a constant independent of = and hev. = is the energy of
photoexcited holes. A is the required activation energy. The energy is
scaled downward with the zero reference at the Fermi level. Eq. (4)
describes the case of degenerate (highly) doped emitters (E lying
within the VB). At finite temperatures; carriers occupy energy states
above the Fermi level in terms of the Fermi-Dirac (FD) statistics. An FD

function f(e, hv) = [1 + exp(e — hv)/KT|"'  was wused as the
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Fig. 4. Comparisons between activation energies determined by TDIPS fitting and Arrhenius plot for samples with different Al fraction and doping levels. SP1, SP2,
SP3 have different Al fraction and SP1 with least Al fraction (or least barrier height) displays significant disparity. SP1, LH1001, and LH1003 have different doping
levels while nearly same other parameters. For devices of threshold wavelength longer than ~9.3 pm, the activation energy determined by Arrhenius plot is way off
from TDIPS fitting results. The activation energy determined by Arrhenius plot for devices with shorter threshold wavelength («9.3 um), SP2, SP3, and LH1004,

agree well with the measured threshold spectral response.
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the heterointeface.

BT S— 75 100

Fig. 5. Temperature dependence of (a) Fermi level (b) Fermi distribution
functions versus carriers’ energy, €. The FD tail increases with temperature and
extends up to ~100 meV for T = 120 K. The inset shows photoexcitation in the
p-emitter and transition to and across the i-barrier or hetero-interface in the IPE
processes.

distribution function. This assumes that the photoexcited holes remain
in the same distribution as before the photoexcitation, with the only
difference in energy by hv. To obtain the photoemission threshold (A),
fittings to the yield spectra (~product of photon energy and response)
were carried out in the near-threshold regime by using Eq. (4) and the
Levenberg-Marquardt fitting algorithm, where Y, Cp, and A are re-
garded as fitting parameters. Ey was determined by carrying out an
8 x 8k p computation [21] and integrating the product of density of
state by the FD distribution function over the entire range of energies.
Based on TDIPS fitting results, the valence band off-set of GaAs/
AlyGa;4As  heterostructures (in eV) is given by [3]
AE, = (0.57 — 1.39x107% x T)x, where T is in Kelvin. Based on this
equation, the designed band off set of samples at 78 K is shown in the
last column of Table 1. The activation energy or photoemission
threshold at 0 V is then given by A(O0V) = AE, — Apgr. — E where Aggr,
is the band gap lowering due to electric field is shown in Fig. 1. In
Fig. 3, the solid lines show TDIPS fittings to spectral responses of SP3 at
78 K for different bias voltages and inset shows the temperature de-
pendence of activation energy based on TDIPS fittings to experimen-
tally measured spectral response. The activation energy decreases (red
shift) with increasing bias in an exponential form, due likely to energy
band bending [22,23] and with increasing temperature due to de-
creasing band offset. Fig. 4 shows the activation energies extracted from
Arrhenius plot and TDIPS fitting for samples described in Table 1.

3.3. Temperature dependent Fermi distribution and tail effect

For highly doped HEIWIP, the temperature dependence of Fermi
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Fig. 6. (a) The tunneling probability of holes with 100 meV energy as a function
of bias voltage for three different barrier heights. (b) The deviation of activation
energy determined by Arrhenius from TDIPS.

level Eg is given by [6]

E,— Ep = kyT [ln (ﬁ) + 2‘%(£)]
N, N, 5
where p is the doping density (cm ~2) level, the temperature dependent
- 3
density of states (cm™>) for GaAs in the valence band N, = 2(”’2"73;)2

and the density-of-state effective mass of valence band[6],
m* = (mp/? + m3}*)¥3. Hence, N, = 1.87233 x 10'* T%2. At zero elec-
tric field, the temperature dependence of activation energy or effective
barrier height A(T) is given by A(T) = AE,(T = 0K) — E-(T), where
AE,(T = 0K) is the barrier height at 0 K. For temperature change from
60K to 120K, the change in fermi level is AE; (T) 2 0.0062 eV, which
is 4.1%, 3.3%, and 2.0% of the barrier height calculated at intermediate
temperature (80 K) for SP1, SP2, and SP3 respectively. This implies that
the temperature dependence of fermi level shown in Fig. 5(a), has little
effect on these barrier heights. However, Fig. 4 shows, there are sig-
nificant differences between the activation energy obtained from Ar-
rhenius plot and TDIPS fittings for structures with least (0.28) Al mole
fraction (SP1, LH1001, and LH1003) and highest doping level (LH1003;
6 % 10'° em™3). This disparity of the two results may be due to the
non-linear temperature dependence of A over a wide range of tem-
peratures and hence is the effect of the temperature dependent band
tailing effect shown in Fig. 5(b) and Fowler-Nordheim tunneling.

The Fermi-Dirac occupation probability f (€) of carriers with en-
ergye, is given by
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Table 2
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The percentage deviation of Arrhenius A from the corresponding TDIPS A near zero bias and at bias voltage of 1 V (5.4 kV/cm) except 0.1 V (0.54 kV/cm) for LH1003.
As the threshold wavelength increases from 4 pm to 12.9 um, the deviation of activation energy determined by Arrhenius plot from TDIPS fitting values increases.

Sample Minimum Average Temp. (K) A; (um)at 1.0V Near zero bias voltage

At 1.0V (5.4kV/cm) except 0.54 kV/cm for LH1003.

Temp (K) for for TDIPS (5.4kV/cm)
Arrhenius A Arrhenius A(eV), TDIPS |Arrh- ArrheniusA(eV), TDIPS A(eV) Arrh-
) 1 A(eV) TDIPS|A 15 1 TDIPS|A
é(ln(Rc,A))/a(kB—T) 8(nU/T ))/a(ks—T)

SP3 140 160 4.03 = 0.01 0.303 = 0.002 0.309 1.9% 0.309 = 0.003 0.307 = 0.001 0.3%
LH1004 120 78 4.48 + 0.02 0.280 = 0.003 0.288 2.8% 0.266 + 0.002 0.277 + 0.001 4.0%
SP2 120 78 6.53 = 0.03 0.188 = 0.002 0.196 4.0% 0.182 = 0.002 0.190 = 0.001 4.2%
SP1 70 78 9.32 + 0.21 0.139 = 0.003 0.150 7.3% 0.120 + 0.002 0.133 = 0.003 9.7%
LH1001 60 78 9.61 = 0.22 0.120 = 0.006 0.146 17.8% 0.110 = 0.003 0.129 = 0.003 15.4%
LH1003 40 46 1292 + 0.4 0.084 + 0.005 0.141 40.4% 0.048 + 0.003 0.096 + 0.003 50.6%

Table 3

Summary of results: The deviation of activation energy extracted from TDIPS fitting and Arrhenius plot for different wavelength ranges. The accuracy of Arrhenius
plot is expressed in terms of deviation from the corresponding TDIPS fitting. The accuracy of TDIPS fitting depends on the accuracy of spectral response mea-

surement.
Ar (um) TDIPS Arrhenius
3-~5(MIR) Valid at any operating temperature Deviate up to maximum of ~5% at temp. higher than ~120K.
5--~93 Valid at any operating temperature Deviate up to maximum of ~10% at temp higher than ~70K and e. field F «5.4kV/cm.
> 0.3 Valid at any operating temperature Not valid irrespective of temperature and electric field.
f(&) =11+ exp(e ~ Ep/kyT)] ©)  T(e, Fuxmpe = 1
P71+ exp(—B(e)) (9

The Fermi-Dirac distribution (FD) shows very small tail above the Fermi
level at 0K even at low temperatures (5-10K). As the temperature
increases, the occupation probability of carriers above the Fermi level
at 0K increases and the tail extend near to the edge of small barrier
heights such as SP1 (with Al mole fraction of 0.28) and LH1003 (0.28 Al
mole fraction and highest doping levels (6 x 10" em~ ) as shown in
Fig. 5(b). Hence, this tail has some profound effects on thermionic
emission for temperature such as 70 K and 120 K for smaller band offset
(< 0.157 eV) such as SP1, LH1001, and LH1003. As has been shown in
Fig. 5(b), this significant change in tail for temperature as low as 40 and
70 K, determine and affect the activation energy of photoexcitation in
the emitter.

3.4. Field emission

Field emission is a quantum mechanical tunneling process. The non-
Arrhenius behavior of longer threshold wavelength detectors can also
be explained by thermally assisted field emission or Fowler-Nordhiem
(FN) tunneling current. The current density (Jr,,) induced by holes
tunneling in the z- or growth direction through a barrier shown in Fig. 1
is given by Eq. (7).

qm*ky T

T =

[
(ez—Ep)/kpT
J; T(e,, F)ln(l + = EVksT)d e, &
where the Wentzel-Kramers-Brillouin (WKB) Method is a way of de-
termining the transmission probability T(e,, F) of holes through a
“slowly* varying potential [6,24,25] as

R —
T wcp(—z S \,ezﬁﬂz(qo(z) - ez)dz) = exp(—B(e,) "

Since this approach yields value of T = 1 for energies above the max-
imum value of gV, where V is the voltage, it doesn't include quantum
mechanical reflection in these cases. This means that it overestimates
the current for shallow barriers and cannot handle the case of a zero
barrier at the interface. An alternate method of derivation of the
transmission probability yields an expression with identical exponent
but slightly different form of Eq. (8) [26]. This alternate expression is
far more accurate near and above the top of the barrier [27].

In general, this expression isn't often used because when multiplied by
another function it is often un-integrable.

However, with a series of reasonable approximations, it becomes
very useful. The tunneling probability shown in Fig. 6(a) and (b) with
increasing deviation at the field around 5kV/cm confirms that the FN
tunneling current cannot be ignored for lower barrier height of SP1
(x = 0.28). Similarly, Yang et al. demonstrated that tunneling currents
in InAs/(Galn)Sb superlattice photodiodes are important issues for
photodetectors operating in the long-wavelength (> 8 pm) range
[28-30].

The temperature range for the thermionic current to be dominant
(or only thermionic) varies with bias voltage (electric field) and barrier
heights. One can roughly estimate the minimum average temperature
for which thermionic current starts to be dominant. Fig. 2(b) shows the
linear part of plots in Fig. 2(a) where the dark current is dominant or
only due to thermionic emission. Then the Arrhenius plot can be used to
extract the activation energy for the temperature range starting from
this minimum average temperature (column two of Table 2) to the
highest temperature within maximum current limit (~1 mA) of the
measurements. Based on the experimental results shown in Fig. 4 and
Table 2, the percentage deviation of activation energy of Arrhenius plot
from the corresponding TDIPS fitting values at (or near) zero bias and at
bias voltage of 1V (5.4 kV/cm) except 0.1V (0.54kV/cm) for LH1003
is related to the threshold wavelength of the detectors. For SP1, SP2,
and SP3, the activation energy increases with increasing Al mole frac-
tion (0.28, 0.37, and 0.57 respectively). However, for SP1, LH1001 and
LH1003, the activation energy decreases with increasing doping levels
(3 x 108 cm_g, 6 x 1018 cm_3, 6 x 10" em ™2 respectively).

As the threshold wavelength increases from 4 um to 12.9 um, the
deviation of activation energy determined by Arrhenius plot from the
corresponding TDIPS fitting values increase; for example, from 0.3% (at
160K) to 50.6% (at 46 K).

A summary of these results is shown in Table 3. For detectors with
~6.5 um or shorter threshold wavelength, the Arrhenius analysis yields
the values of activation energy within 5% deviation from that of TDIPS.
Even though Arrhenius plot is valid in general at low field (near zero
volts) over a certain temperature range, a significant deviation from
TDIPS fitting values are observed due to the Fermi distribution tail (see
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Fig. 5(b)) that extends up to the edge of the lowest band offset
(0.157 eV) detectors (SP1, LH1001 and LH1003) for the minimum
average temperatures of thermionic current shown in the second
column of Table 2. The Arrhenius plot used to extract activation energy
of detectors with threshold wavelength longer than ~9.3 pm, where the
FN tunneling, and Fermi tailing effects cannot be ignored, such as in
SP1, LH1001, and LH1003, does not lead to precise values, nor does it
represent any parameters of carriers’ energy.

4. Conclusion

Different barrier heights within the GaAs/AlGaAs heterostructures
are evaluated. As the threshold wavelength of detector increases from
4um to 12.9um, the deviation of activation energy determined by
Arrhenius plot from the corresponding TDIPS fitting value increases.
For detectors with ~6.5um or shorter threshold wavelength, the
Arrhenius analysis yields the values of activation energy with less than
5% deviation. However, for detectors with longer threshold wavelength
(>>9.3 um), the Arrhenius plot used to extract activation energy leads to
energy values with deviation higher than ~10%. The higher percentage
deviation (> 10%) of activation energy determined by Arrhenius plot
from the corresponding TDIPS values attribute to the temperature de-
pendent Fermi distribution tailing effect and Fowler-Nordheim tun-
neling current. Therefore, if a precise band off-set characterization of
long threshold wavelength detector is needed, it is inevitable to use a
more accurate method than the Arrhenius. In that case, TDIPS that
takes the temperature dependence of activation energy in to account
will satisfy the requirements over a wide range of threshold wave-
length. However, still Arrhenius is simple and a reasonable tool to
characterize detector with shorter threshold wavelength(«9.3 um).
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