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Abstract 
In this work, the activation energy obtained from the temperature dependent internal photoemission 

spectroscopy (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 response shows the red-shifting of the detector threshold wavelength for increasing 
temperature due to the decreasing band-offset. The activation energy extracted from Arrhenius plot of 
the dark current-voltage-temperature (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 ȝm, 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 (>> λ.3 ȝm), 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 (>> 10 %) of activation energy determined by Arrhenius plot from the 
corresponding TDIPS values attribute to the temperature dependent Fermi distribution tailing effect 
and Fowler–Nordheim tunneling current. 
 
Keywords: Activation energy, Arrhenius plot, Dark current, Internal photoemission, Temperature-dependent 
internal photoemission spectroscopy 

 
 
 

1. Introduction 

The threshold wavelength, Ȝt 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, ߂ሺܸ݁ሻ ൌ ͳǤʹͶ ሻΤ݉ߤ௧ሺߣ , which is the minimum energy for a photoexcited carrier to overcome the barrier 

and contribute to the photocurrent. The design of different threshold wavelengths IR detector involves the 

selection of an appropriate potential barrier [1] and adjusting the Fermi level by changing the carrier concentration 

[2] or doping. A high doping density not only decreases the activation energy or increases the threshold 

wavelength but also increases 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-voltage-temperature (C-V-T), and 

temperature-dependent internal-photoemission spectroscopy (TDIPS) [3] based on measured spectral responses.  
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The comparison and difference between the apparent barrier heights obtained from C-V-T and I-V-T 

measurements are discussed in 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/AlxGa1-xAs 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 activation energy (threshold wavelength) at low electric field while Fowler-

Nordheim (FN) or electric field emission (FE) models are briefly discussed 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 

independence of the barrier height [6] while this is not always the case experimentally. Hence, it is not always 

possible to determine the activation energy accurately for detectors displaying non-Arrhenius behaviors, such as 

strong temperature dependence of barrier height, tunneling and diffusion limited currents.  

The neglected temperature dependence of activation energy (or 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 extensively used [3, 10, 11] to determine the interfacial barrier height (ǻ) of different materials which 

defines the detector cutoff wavelength, ߣ௧ 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/HfO2 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 activation energy or photoemission threshold (ǻ), fittings 

to the yield spectra were carried out in the near-threshold regime at different temperatures. In the expression for 

quantum yield spectra, the transmission probability of carriers over the barrier, energy distribution function, and 

the temperature dependent band tailing effects are included. The carriers escape over the (AlGaAs in our case) 

barriers through an internal photoemission process and hence, TDIPS is sensitive 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 (ب ͻǤ͵ ݉ߤሻ is because Arrhenius analysis does not take 
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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/AlxGa1-xAs 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 xGa1-

xAs barriers. The active GaAs/AlxGa1-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 (lh) which are excited by incoming radiations 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 Ȝt. 

 
Table 1. 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 NA 

(cm-3) 
Number 

of periods 
Designed band  

offset(eV) at 78 K 

SP1 0.28 60 18.8 3×1018 30 0.157 

SP2 0.37 60 18.8 3×1018 30 0.207 

SP3 0.57 60 18.8 3×1018 30 0.319 

LH1001 0.28 60 20 8×1018 30 0.157 

LH1003 0.28 60 20 6×1019 30 0.157 

LH1004 0.57 60 18.8 1×1019 30 0.319 
 

In GaAs/AlxGa1-xAs heterostructures, the doping density in the GaAs layers and the aluminum mole fraction 

(x), in the AlxGa1-xAs 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 AlxGa1-xAs barrier in detectors SP1, 

SP2, and SP3 are 0.28, 0.37, and 0.57, respectively. In the second group, structures have three different doping 

levels. SP1, LH1001, and LH1003, have doping levels of 3×1018cm-3, 8×1018cm-3, and 6×1019cm-3, respectively 

while other parameters are the same. All the important parameters for various detector structures are summarized 

in Table 1. 

The detectors were fabricated into square mesas of 400×400 ȝm2 with an optical window of 260×260 ȝm2 

which allows front-side illumination. 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 
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current measurements were performed using the Keithley 2400 source meter. The temperatures were controlled 

and varied from 10 K 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 <  ± 0.1 K. 

3. Results and discussions 

The temperature dependent spectral responses and I-V curves were measured at different temperatures. The 

temperature dependent spectral responses show a red-shift of detector threshold wavelength with increasing 

temperature. The effective interfacial barrier height (or activation 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, different analytical dark 

current models, such as thermionic emission (TE), 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. 

 

 

Fig. 1.  (color online) 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). 
 
3.1. Thermionic emission 

At low electric fields, for pure Ohmic behavior, the slope of ln(J) versus ln(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 characteristics 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 ܬ ൌ ଷȀଶexpሺെܶܣ ο ݇ܶሻΤ                                (1) 
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where the ǻ 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 

equation (1), with image force lowering considered, may be written as ο ൌ οሺͲሻ െ ට యிସగఢబఢ                                  (2) 

where οሺͲሻǡ F, İo, İ 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 

ln(J/T3/2) versus 1/kBT 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  ο ൌ ௗ൫Ȁ்యȀమ൯ௗሺಳ்ሻ                                       (3)  

 

 

Fig. 2. (color online) Arrhenius plot for SP1 which has an Al fraction of 0.28 for (a) 40 – 130 K temperature ranges and (b) 

temperature range from 70-120 K. The inset in (b) is showing the Arrhenius plot for the relation lnሺܴܣሻ  ̱ exp ቀെ οబಳ்ቁ.  
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This method is particularly valid for thermionic emission dominated behavior over a wide temperature range 

where the temperature dependence of the activation energy and tunneling current can be neglected. The two 

possible hypotheses that explain non-linearity of the ln (J/T3/2) vs 1/kBT 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 ln (J/T3/2) vs 1/kBT characteristics for experimentally measured I-V-T for temperatures in 

the range10 – 130 K over a wide bias voltage range (0.1- 8 V). For SP1 (x = 0.28) and for temperature, higher 

than ~ 70 K, 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 ܴܣ ̱ exp ሺοȀ݇ܶሻ where o is the activation energy at zero field, ܴ ൌ ቀௗௗቁୀିଵ   and A is the area of the detector. 

3.2. Temperature-Dependent Internal-Photoemission Spectroscopy (TDIPS) 

The valence band offsets (ǻEv) of p-type GaAs/AlxGa1−xAs heterostructures (Table 1) and their temperature 

dependence were obtained through analyzing quantum yield spectra measured at different temperatures. 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 probabilities across 

the interface will lead to the required expression for the quantum yield. The quantum yield Y(hȞ) in terms of the 

photoexcitation of holes in the emitter through inter-valence-band (IVB) transitions [20], described by an energy 

distribution function ߩሺ߳ǡ ߥ݄ െ  ிሻ, and the transmission of holes over the barrier, described by a probabilityܧ

function of ܲሺ߳ǡ ȟሻ reads as [3], ܻሺ݄߭ሻ ൌ ܻሺܶܭሻ  ܥ  ൫߳ǡ ߩ ߥ݄  െ ி൯  ݂൫߳ǡܧ ൯ ܲሺ߳ǡߥ݄  οሻ݀߳ஶο                  (4) 

where C0 is a constant independent of  and hȞ.  is the energy of photoexcited holes. ǻ is the required activation 

energy. The energy is scaled downward with the zero reference at the Fermi level. Equation (4) describes the case 

of degenerate (highly) doped emitters (Ef 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 ݂ሺ߳ǡ ሻߥ݄ ൌሾͳ  expሺ߳ െ ሻߥ݄ Ȁܶܭሿିଵ was used as the distribution function. This assumes that the photoexcited holes remain 

in the same distribution as before the photoexcitation, with the only difference in energy by hȞ. To obtain the 

photoemission threshold (ǻ), 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 Y0, C0, 

and ǻ are regarded as fitting parameters. Ef  was determined by carrying out an 8×8 k 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/AlxGa1-xAs heterostructures (in eV) is given 

by [3] οܧ ൌ ሺͲǤͷ െ ͳǤ͵ͻݔͳͲିସ ൈ ܶሻݔǡ 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 (0V) = Ev - BGL - Ef, where BGL 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 
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and inset shows the temperature dependence of activation energy based on TDIPS fittings to experimentally 

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 decreasing band offset. 

Fig. 4 shows the activation energies extracted from Arrhenius plot and TDIPS fitting for samples described in 

Table 1. 

 

 

Fig. 3. (color online) 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 
response spectra. 

3.3 Temperature dependent Fermi distribution and tail effect 

For highly doped HEIWIP, the temperature dependence of Fermi level EF is given by [6] ܧ௩ െ ிܧ ൌ ݇ܶ ቂ݈݊ ቀ ேೡቁ  ʹିయమ ቀ ேೡቁቃ                             (5) 

where p is the doping density (cm-3) level, the temperature dependent density of states (cm-3) for GaAs in the 

valence band ܰ ௩ ൌ ʹ ቀכಳ்ଶగమ ቁయమ  and the density-of-state effective mass of valence band[6], ݉כ ൌ ൫݉ଷȀଶ ݉ଷȀଶ൯ଶȀଷ
. Hence, ௩ܰ ൌ ͳǤͺʹ͵͵ ൈ ͳͲଵହ

 ܶଷȀଶ. At zero electric field, the temperature dependence of activation 

energy or effective barrier height οሺܶሻ is given by  οሺܶሻ ൌ οܧ௩ሺܶ ൌ Ͳܭሻ െ ௩ሺܶܧிሺܶሻ, where οܧ ൌ Ͳܭሻ is the 

barrier height at 0 K. For temperature change from 60 K to 120 K, the change in fermi level is οܧிሺܶሻ ؆ͲǤͲͲʹ ܸ݁, 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 significant differences between the 

activation energy obtained from Arrhenius plot and TDIPS fittings for structures with least (0.28) Al mole fraction 

(SP1, LH1001, and LH1003) and highest doping level (LH1003; 6x1019 cm-3). This disparity of the two results 

may be due to the non-linear temperature dependence of ǻ over a wide range of temperatures and hence is the 

effect of the temperature dependent band tailing effect shown in Fig. 5(b) and Fowler-Nordheim tunneling. 
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Fig. 4. (color online) 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 ~λ.3 ȝm, 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 (<< λ.3 ȝm), SP2, SP3, and LH1004, agree well with the measured threshold spectral response. 

The Fermi-Dirac occupation probability f (߳) of carriers with energy ߳, is given by  ݂ሺ߳ሻ ൌ ሾͳ  expሺ߳ െ ிܧ ݇ܶΤ ሻሿିଵ.                           (6) 

The Fermi-Dirac distribution (FD) shows very small tail above the Fermi level at 0 K even at low temperatures 

(5-10 K). As the temperature increases, the occupation probability of carriers above the Fermi level at 0 K 

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 (6×1019 cm-3)) 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 ( ͲǤͳͷ ܸ݁) 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 (JTun) induced by holes tunneling in the z- or growth direction through a 

barrier shown in Fig. 1 is given by equation (7). 
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Fig. 5. (color online) Temperature dependence of (a) Fermi level (b) Fermi distribution functions versus carriers’ energy, İ. 
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. 
௨்ܬ  ൌ כಳ்ଶగమయ  ܶሺ߳௭ǡ ሻஶܨ ݈݊൫ͳ  ݁ሺఢିாሻȀ்൯݀߳௭                     (7) 

where the Wentzel-Kramers-Brillouin (WKB) Method is a way of determining the transmission probability T(ɽz, 

F) of holes through a “slowly" varying potential [6, 24, 25] as ܶ ؆ ݔ݁ ቆെʹ  ටଶכమ ሺ߮ሺݖሻ െ ߳௭ሻ݀ݖ௭భ௭బ ቇ ൌ  ሺ߳௭ሻሻ                   (8)ܤሺെݔ݁

Since this approach yields value of T = 1 for energies above the maximum value of qV, 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 equation 

(8) [26]. This alternate expression is far more accurate near and above the top of the barrier [27]. ܶሺ߳ǡ ሻௐ ௧௬ܨ ؆ ଵଵା௫ሺିሺఢሻሻ                             (9) 

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 5 kV/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 
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currents in InAs/(GaIn)Sb superlattice photodiodes are important issues for photodetectors operating in the long-

wavelength (> 8 ȝm) 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 (0.54 kV/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 fraction (0.28, 0.37, and 0.57 respectively). However, for 

SP1, LH1001 and LH1003, the activation energy decreases with increasing doping levels (3× 1018 cm-3, 6× 1018 

cm-3, 6× 1019 cm-3 respectively).  

 

 

Fig. 6. (color online) (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. 
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Table 2. The percentage deviation of Arrhenius ǻ from the corresponding TDIPS ǻ near zero bias and at bias voltage of 1V (5.4 kV/cm) except 0.1V (0.54 kV/cm) for LH1003. As the threshold 

wavelength increases from 4 ȝm to 12.9 ȝm, the deviation of activation energy determined by Arrhenius plot from TDIPS fitting values increases. 

 

 

 

 

 

 

 

 

Sample 

Minimum 
Average 

Temp (K) for 
Arrhenius 

Temp. (K) 
for TDIPS 

ǻ 

Ȝt (ȝm) 
at 1.0V 

(5.4kV/cm) 

Near zero bias voltage At 1.0V (5.4 kV/cm) except 0.54 kV/cm for LH1003. 

Arrhenius (eV), ߲ሺln ሺܴܣሻሻ ߲ሺ ͳ݇ܶሻൗ  
TDIPS 
(eV) 

ŇArrh-
TDIPSŇǻ 

Arrhenius(eV), ߲ሺln ሺܬȀܶଵǤହሻሻ ߲ሺ ͳ݇ܶሻൗ  
TDIPS 
ǻ(eV) 

ŇArrh-TDIPSŇǻ 

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 12.92±0.4 0.084±0.005 0.141 40.4% 0.048±0.003 0.096±0.003 50.6% 
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As the threshold wavelength increases from 4 ȝm to 12.9 ȝm, the deviation of activation energy determined 

by Arrhenius plot from the corresponding TDIPS fitting values increase; for example, from 0.3 % (at 160 K) to 

50.6 % (at 46 K).  

A summary of these results is shown in Table 3. For detectors with ~6.5 ȝm 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 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 ~λ.3 ȝm, 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. 

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 measurement. 

 

4. Conclusion 

Different barrier heights within the GaAs/AlGaAs heterostructures are evaluated. As the threshold wavelength 

of detector increases from 4 ȝm to 12.9 ȝm, the deviation of activation energy determined by Arrhenius plot from 

the corresponding TDIPS fitting value increases. For detectors with ~ 6.5 ȝm 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 (>> λ.3 ȝm), 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 dependent Fermi 

distribution tailing effect and Fowler–Nordheim tunneling 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 wavelength. However, still Arrhenius is simple and a 

reasonable tool to characterize detector with shorter threshold wavelengthሺا ͻǤ͵ ݉ߤሻ. 
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