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photo-CVD technique was applied to deposit 300 nm thick SiO2 . A second photolithographic step 
was used to remove the SiO2 from the defined area of 10 × 4 µm2 on the p-type layer in order to 
make electrical contacts . A double layer of 100 nm thick Au-Be and 300 nm thick Au was evapo-
rated sequentially and lifted off to form a p-type ohmic contact . A third photolithographic step 
was used to define the pad with a dot having a 40 µm diameter and the gate electrode that covered 
the junction perimeter . Then a double layer of 12 nm of Cr and 300 nm of Au were evaporated and 
lifted off .

Analysis and comparison of the dark current characteristics between InAs p-n and p-i-n diodes 
at the temperature range from 30 to 300 K carried out by Kuan and colleagues [135] indicated 
that incorporation of a thick i-layer (i .e ., 720 nm) is the key to success of the detector . The advan-
tage of the p-i-n structure is not only to cut down the tunneling current but also to increase the 
uniformity .

Figure 13 .31a shows the typical 77 K and room temperature I-V characteristics of unpas-
sivated p-i-n and p-n photodiodes, respectively [155] . At 77 K, the dark current of unpassi-
vated p-i-n photodiode is disturbed by the background thermal radiation, proof of which is 
the existence of a photovoltage . We can also see that the reverse dark current of unpassivated 
photodiode depends on the diode reverse bias both at 77 K and 300 K indicating the existence 
of a shunt leakage current . Figure 13 .31b shows the typical 77 and 300 K I-V characteristics 
of gate-controlled p-i-n photodiodes under different gate bias at 0, –16, and –40 V . The strong 
dependence of the diode reverse dark current on the gate voltage indicates that the reverse 
leakage current is flowing through the surface region . When the gate bias Vg approaches –40 V, 
the reverse dark current becomes nearly independent of reverse biases, which indicates that 
the diode is leakage free . It is obvious that the I-V characteristics of unpassivated p-i-n photo-
diode is similar to and even better than the p-i-n gate-controlled photodiode under gate bias 
Vg = –40 V . This indicates that passivation of InAs p-i-n photodiode degrades the device perfor-
mance . The unpassivated p-i-n photodiode exhibits RoA product of 8 .1 Ωcm2 at room temperature 
and 1 .3 ΜΩcm2 at 77 K . When illuminated under a 500 K blackbody source, the photodiode 
detectivity limited by Johnson noise is 1 .2 × 1010 cmHz1/2W–1 at room temperature and 8 .1 × 1011 
cmHz1/2W–1 at 77 K .

Alternative substrates in fabrication InAs photodiodes have also been used . Dobbelaere et al . 
have produced InAs photodiodes grown on GaAs and GaAs-coated Si by MBE [156] . This tech-
nique is suitable for fabrication of monolithic near-infrared imagers where a combination of detec-
tion with silicon readout electronics is possible .
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Figure 13.31 The 77 K and room temperature I-V characteristics of the (a) unpassivated, and 
(b) gate-controlled InAs p-i-n and p-n photodiodes . The gate biases (Vg = 0, –16, and –40V) are 
marked in (b) . (From Lin, R . M ., Tang, S . F ., Lee, S . C ., Kuan, C . H ., Chen, G . S ., Sun, T . P ., and Wu, 
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as narrow as 176 nm at 77 K with peak internal quantum efficiency of 70% has been achieved . 
The zero-bias resistance area RoA products are in the 105 Ωcm2 range, with the best ones achieving 
2 × 107 Ωcm2 .

The best performances of InAsSb photodiodes have been obtained when lattice-matched 
InAs1–xSbx/GaSb (0 .09 ≤ x ≤ 0 .15) device structures were used [178] . Lattice mismatch up to 0 .25% 
for the InAs0 .86Sb0 .14 epitaxial layer can be accommodated in terms of low etch-pit density ( ≈ 104 
cm–2) . The structure of a BSI InAs1–xSbx/GaSb photodiode is shown in Figure 13 .40a [178] . The pho-
tons enter through the GaSb transparent substrate and reach the InAs1–xSbx active layer where they 
are absorbed . The GaSb substrate determines the short-wavelength cut-on value, which is 1 .7 µm 
at 77 K; instead the active region establishes the long-wavelength cutoff value (see Figure 13 .40b) . 
The p-n junctions were obtained as homojunctions using the LPE technique . The carrier concen-
trations, both in the undoped n-type layer and in the Zn doped p-type layer, were approximately 
1016 cm–3 . The high quality of InAs0 .86Sb0 .14 photodiodes was demonstrated by a high RoA product 
in excess of 109 Ωcm2 at 77 K .

High performance InAs0 .89Sb0 .11 photodiodes have also been obtained by Be ion implantation 
[177] . The as-grown LPE layers on (100) GaSb substrates were n-type with a typical carrier con-
centration of 1016 cm–3 . The implantation mask was formed by 100 nm of CVD SiO2 deposited at 
200ºC and next covered with about 5 µm of photoresist or about 700 nm of aluminum . The Be ion 
implantation was performed using a 100 keV beam and a total dose of 5 × 1015 cm–2 . Following 
the implantation, annealing was carried out at 550ºC for about 1 hr . The EBIC analysis of the 
InAs0 .89Sb0 .11 planar junction and C-V data confirmed the junction formation by the thermodiffu-
sion mechanism .

Attempts to MBE grow InAs0 .85Sb0 .15 p-i-n junctions on lattice mismatched substrates—InAs 
(lattice mismatch 1%), GaAs (8 .4%), and Si (12 .8%)—have not given good results [182] . The perfor-
mance of these photodiodes was inferior in comparison with the ones fabricated using LPE . Their 
RoA product was almost three orders lower than photodiodes obtained by LPE [176–178]—below 
50 Ωcm2 at 77 K for diodes on InAs . The diodes exhibited significantly larger reverse leakage 
currents . The presence of defects reduces the carrier lifetime so that the g–r currents become 
increasingly important . To decrease the influence of misfit dislocations, different procedures were 
followed in deposition of interface regions, which are described exactly by Dobbelaere and col-
leagues [201,202] .

Rogalski has performed an analysis of a resistance-area product (RoA) of n-p+ abrupt 
InAs0 .85Sb0 .15 junctions at 77 K [45] . The dependence of the ultimate values of the RoA product 
on the concentrations of dopants for abrupt n-p+ InAs0 .85Sb0 .15 photodiodes at 77 K is shown in 
Figure 13 .41a . We can see that the RoA product is determined by the g–r current of the junc-
tion depletion layer . The characteristic lifetime in the depletion region τo determined from 

p-n Junction

Active region
InAs1-xSbx

p
InAs1-xSbx

Substrate
n-GaSb

hν

n-GaSb
substrate

n

InAs1-xSbx

100

50

0
2.0 3.0

Wavelength (µm)

Ex
te

rn
al

 q
ua

nt
um

 ef
fic

ie
nc

y (
%)

(n
o 

A
R 

co
at

in
g)

4.0 5.0

(a) (b)

–

+

Figure 13.40 Back side illuminated InAs0 .86Sb0 .14/GaSb photodiode: (a) device structure and 
energy band diagram of the structure, and (b) spectral response at 77 K . (From Bubulac, L . O ., 
Andrews, A . M ., Gertner, E . R ., and Cheung, D . T ., Applied Physics Letters, 36, 734–36, 1980 . With 
permission .)
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the theoretical fit to the g–r model is found to be 0 .03–0 .5 µs . In the best photodiodes it was 
determined to be 0 .55 µs [178] . The theoretical estimates yield for the radiative (RoA)R and 
Auger recombination (RoA)A1 values of the RoA product of several orders of magnitude larger . 
Tunneling current produces an abrupt lowering of RoA at a concentration a little above 1016 cm–3 . 
To obtain a possibly high value of the zero-bias resistance of the junction, the technological 
process of photodiode preparation should be conducted so that the concentration of dopants is 
slightly below 1016 cm–3 .

Each of the current components of the p-n junction has its own individual relationship to volt-
age and temperature and can be associated with either the bulk or the surface . In Figure 13 .41b the 
RoA product against 1/T for Be ion implantation InAs0 .89Sb0 .11 junction is plotted [177] . In a semilog 
scale representation RoA varies linearly for the g–r and diffusion model, as 1/ni and 1 2/ni , respec-
tively . In the temperature range above 160 K, the RoA product follows the diffusion model, whereas 
in the temperature range 80 ≤ T ≤ 160 K, RoA fits a g–r model . At temperatures below 80 K the RoA 
product is limited by surface effects . Therefore the operation of planar Be-implanted photodiodes 
is bulk-limited above 80 K .

Attempts to fabricate p-n junction formation in the miscibility range of InAs1–xSbx ternary 
alloy over the composition range 0 .4 < x < 0 .7 using MOCVD have not given positive results 
[203] . The p + -n junctions were formed by Zn diffusion into the undoped n-type epitaxial layer 
with carrier concentration in the range of 1016 cm–3 . The forward and the reverse characteristics 
were affected by the g–r current of the depletion region and by surface leakage current . It is 
believed that recombination centers in the depletion layer were caused by diffusion-induced 
damages and by lattice mismatch dislocations between the InAs0 .60Sb0 .40 epilayer and the InSb 
substrate .

Generally, the low-temperature homojunction devices suffer from Shockley–Read generation 
current and the activation energy decreases to about half the bandgap energy [45,188] . At high 
temperatures, where the diffusion current mechanism is dominant, these homojunction devices 
exhibit a large dark current and small RoA product, below 10–2 Ωcm2, which leads to relatively low 
detectivity .

In order to improve device performance (lower dark current and higher detectivity) several 
groups have developed P-i-N heterostructure devices of an unintentionally doped InAsSb active 
layer sandwiched between P and N layers of larger bandgap materials . As is shown in Section 3 .2, 
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Figure 13.41 RoA product of InAs1–xSbx photodiodes: (a) dependence on the doping concentra-
tion for n-p+ abrupt InAs0 .85Sb0 .15 junctions at 77 K, the experimental values are taken from Cheung 
[176] (o) and Bubulac [178] (•) . (From Rogalski, A ., Progress in Quantum Electronics, 13, 191–231, 1989 .) 
(b) Dependence on the temperature for a typical planar Be implanted InAs0 .89Sb0 .11 photodiode . 
(From Bubulac, L . O ., Barrowcliff, E . E ., Tennant, W . E ., Pasko, J . P ., Williams, G ., Andrews, A . M ., 
Cheung, D . T ., and Gertner, E . R ., Institute of Physics Conference Series No. 45, 519–29, 1979 . With 
permission .)
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bottom contact layer blocks carriers from the highly dislocated interface resulting in increase of 
the RoA product and detectivity [20] .

Similar to N-GaInAsSb/n-InAs izotype heterojunction shown in Figure 13 .37, also N-GaSb/n-
InAsSb rectifying heterostructure has the unique type II broken gap interface [208,209] . A large 
barrier for electrons is formed in the GaSb side of the interface . Due to differences in electron 
affinity between two materials, electrons are transferred from the GaSb side to the InAsSb side 
across the interface . The resultant band banding leads to the formation of a barrier for electrons in 
the GaSb side and a two-dimensional electron gas in the InAsSb side . The barrier of the N-n inter-
face is comparable to the energy gap of the wider band-gap material (GaSb) . Sharabani et al . have 
shown that N-GaSb/n-In0 .91As0 .09Sb heterostructure is a promising material for high operating 
temperature MWIR detectors [197] . The BLIP temperature was found to be 180 K, and RoA product 
of 2 .5 and 180 Ωcm2 were measured at 300 and 180 K, respectively .

13.4.2 Photodiodes Based on GaSb-Related Ternary and Quaternary Alloys
GaSb-related ternary and quaternary alloys are well established as materials for developing 
MWIR photodiodes for near-room temperature operation [127–132,159,165,207,210–212] . At present 
the research efforts are concentrated mainly on double heterostructure devices; their schematic 
structure is shown in Figure 13 .42 . This figure also shows different material systems used in the 
active and cladding layers .

A recently published paper by Remennyy et al . gives a short overview of GaSb-based photo-
diode performance [132] . Figure 13 .45 summarizes experimental data of zero bias resistivity and 
RoA product versus photon energy . An exponential dependence of RoA product, approximated by 
exp(Eg/kT), indicates that the diffusion current determines the transport properties of the hetero-
junctions at room temperature .

Figure 13 .46 presents current responsivities and detectivities in dependence on photon energy 
for the BSI and the coated photodiodes (with immersion lens, IL) [132] . It is shown that the photo-
diodes developed at the Ioffe Physical-Technical Institute are superior to the others published in 
literature . The detectivities shown in Figure 13 .46b are higher in comparison with that gathered in 
Table 13 .2 for photodiodes operated in similar conditions . It is expected that higher device perfor-
mance reflects improvements in device design and fabrication: broad mirror contact and radiation 
collection by inclined mesa walls .

Narrow-gap III-V semiconductors and their alloys are also promising materials for developing 
high-speed, low-noise APDs . They have found a number of applications in the 2–5 µm spectral 
range including: laser-diode spectroscopy, mid-IR fiber optics, laser range-finding, free-space opti-
cal links for high frequency communications, and so on .

Many articles have discussed the properties of mid-IR APDs and many of the investigations 
were made at the Ioffe Institute . Recently Mikhailova and Andreev have published a comprehen-
sive review paper devoted to 2–5-µm APDs [165] .
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Figure 13.45 RoA product in series of developed photodiode at room temperature . (From 
Remennyy, M . A ., Matveev, B . A ., Zotova, N . V ., Karandashev, S . A ., Stus, N . M ., and Ilinskaya, 
N . D ., “InAs and InAs(Sb)(P) (3–5 µm) Immersion Lens Photodiodes for Potable Optic Sensors,” 
Proceedings of SPIE 6585, 658504, 2007 . With permission .)
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It is a well-known fact that the excess avalanche noise factor and thus the signal-to-noise ratio of an 
APD depends on the ratio of electron and hole impact ionization coefficients (αe and αh, respectively) . 
To achieve a low noise factor, not only must αe and αh be as different as possible, but also the avalanche 
process must be initiated by the carriers with the higher ionization coefficient . Unlike silicon APDs, it 
was found that holes dominate the impact ionization process . According to McIntyre’s rule, the noise 
performance of APD can be improved by more than a factor of 10 when the αh/αe ionization ratio is 
increased to 5 . For InAs- and GaSb-based alloys, a resonant enhancement of the hole ionization coef-
ficient has been found [165,210,213,214] . This effect is attributed to impact ionization initiated by holes 
from a split-off valence band: if the spin orbit splitting ∆ is equal to the bandgap energy Eg, the thresh-
old energy for hole initiated impact ionization reaches the smallest possible value and the ionization 
process occurs with zero momentum . This leads to a strong increase of αh at ∆/Eg = 1 .

Figure 13 .47 illustrates the electric field dependence of αe and αh in the GaInAsSb/GaAlAsSb 
heterostructure at 230 K [215] . The heterostructure was grown by LPE on < 111 > n-GaSb Te 
doped substrate with carrier concentration (5–7) × 1017 cm–3 . The active region consisted of 
an unintentionally doped n-type and 2 .3 µm thick Ga0 .80In0 .20As0 .17Sb0 .83 layer (Eg = 0 .54 eV at 
300 K) with carrier density of 2 × 1016 cm–3 . The wide-gap “window” layer was 2 µm thick 
p + -Ga0 .66Al0 .34As0 .025Sb0 .975 (Eg = 1 .20 eV at 300 K) and doped with Ge up to (1–2) × 1018 cm–3 . The 
mesa photodiodes were  illuminated through the wide-gap GaAlAsSb layer . The relation between 
the impact ionization coefficients and the excess noise factor was also discussed . It is clear from 
Figure 13 .47 that the hole ionization coefficient was greater than the electron ionization coefficient 
and their ratio αh/αe ~ 4–5 . The ionization by holes from the spin-orbit splitting valence band pre-
dominated in the range of electric fields E = (1 .5–2 .3) × 105 V/cm .

An example of device structure of InGaAsSb APD with separate absorption and multiplication 
region, (SAM) APD, is shown in Figure 13 .48 [215] . This device is sequentially composed of a 2 .2 
µm thick Te compensated Ga0 .78In0 .22As0 .18Sb0 .82 layer with electron concentration (5–7) × 1015 cm–3; 
a 0 .3 µm thick n-Ga0 .96Al0 .04Sb “resonant” composition layer with electron concentration of 8 × 1016 
cm–3; and a 1 .5 µm thick Al0 .34Ga0 .66As0 .014Sb0 .986 window layer with hole concentration of 5 × 1018 
cm–3 . The location of the p-n junction coincides with the heterointerface between two wide gap 
materials . The space charge region lies in the n-Ga0 .96Al0 .04Sb/p-Al0 .34Ga0 .66As0 .014Sb0 .986 heterointer-
face and results in predominant multiplication of holes in the n-Ga0 .96Al0 .04Sb multiplication region . 
The maximum values of the multiplication factor were measured to be M = 30–40 at room tem-
perature . The breakdown voltage determined by wide-gap material was about 10–12 V . As a band 
resonance condition takes place in Ga0 .96Al0 .04Sb at 0 .76 eV, very high values of αh/αe ratio up to 60 
are achieved . Thus, an essentially unipolar multiplication by holes is provided that reduces the 
excess noise problem in these APD .

2.0
1.0

0.8
1011

1010

109

0.6

0.4

0.2

0.0

1.8

1.6

1.4

1.2 22°C 22°C

3.5 4.0 4.5
Peak wavelength (µm) Peak wavelength (µm)

Cu
rr

en
t r

es
po

ns
iv

ity
 (A

/W
)

Q
ua

nt
um

 ef
fic

ie
nc

y

D
et

ec
tiv

ity
 (c

m
H

z1/
2 /W

)

5.0 5.5 3.5 4.0 4.5 5.0 5.5

BSI PD

(a) (b)

IL PD
BSI PD, dia.=280 µm
IL PD, dia.=3.3 mm

Figure 13.46 (a) Current responsivity and (b) peak detectivity of photodiodes without (back 
side illuminated, BSI) and with Si lenses (immersion illuminated, IL) . (From Remennyy, M . A ., 
Matveev, B . A ., Zotova, N . V ., Karandashev, S . A ., Stus, N . M ., and Ilinskaya, N . D ., “InAs and 
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13.5 NOVEL Sb-BASED III-V NARROW GAP PHOTODETECTORS
13.5.1 InTlSb and InTlP

Since an InAs0 .35Sb0 .65 based detector is not sufficient for efficient IR detection operated at lower 
temperatures in the 8–12 µm range, In1–xTlxSb (InTlSb) was proposed as a potential IR material 
in the LWIR region [217,218] . The TlSb is predicted as a semimetal . By alloying TlSb with InSb, 
the bandgap of InTlSb could be varied from –1 .5 eV to 0 .26 eV . Assuming a linear dependence of 
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Figure 13.47 Dependence of the hole and electron ionization coefficients on the square of 
the reciprocal maximum electric field in the Ga0 .80In0 .20As0 .17Sb0 .83 solid solution at 230 K . (From 
Andreev, I . A ., Mikhailava, M . P ., Mel’nikov, S . V ., Smorchkova, Yu . P ., and Yakovlev, Yu . P ., Soviet 
Physics-Semiconductor, 25, 861–65, 1991 .)
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Figure 13.48 SAM APD Ga0 .80In0 .20As0 .17Sb0 .83 /Ga0 .96Al0 .04Sb with “resonant” composition in 
the avalanche region: (a) schematic device structure, (b) band gap structure, and (c) multiplication 
coefficient versus reverse bias . (From Andreev, I . A ., Afrailov, M . A ., Baranov, A . N ., Marinskaya, 
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