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1. OVERVIEW 

Infrared materials are being used intensively and have penetrated almost every 
sector of industry, from metal cutting and welding to laser surgery to commercial 
and military aeronautics applications, to name a few. For example, an important 
class of infrared (IR) detectors, based on mercury cadmium telluride (MCT) crys-
tals, are used for night vision and laser-guided munitions. A number of bulk com-
pound semiconductor materials are being developed for future uses in important 
IR devices such as IR detectors, photorefractive devices, tunable solid-state lasers, 
and optical parametric oscillators. The next section reports the state-of-the-art in 
processing bulk IR materials. Because not all of the worthy developments could 
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be cited and discussed, some of the references are intended to provide for further 
information. 

2. M A T E R I A L P R E P A R A T I O N A N D B A S I C 

C H A R A C T E R I Z A T I O N 

The preparation procedures of IR semiconductor materials have tremendous im-
pact on device performances. The purity of the source materials prior to growth as 
well as the growth technique are determining factors affecting the quality of the 
crystals produced. The purification of the materials prior to growth, the growth 
methods, and the doping processes will be the main subjects reported in this sec-
tion. 

2.1. M A T E R I A L S F O R I N F R A R E D D E T E C T I O N 

The II-VI semiconductors are being used in numerous applications, as IR de-
tectors, nuclear radiation detectors, LEDs, electrooptic modulators, solar cells, 
photorefractive devices, etc. The HgCdTe (MCT) has been the most studied II-
VI material for IR detection in the 8-12 μπι spectral range. However, it suffers 
problems of instability due to the weak bonding of Hg in the crystal network, a 
consequence of the addition of cadmium [1]. This effect reduces device lifetime. 
To solve these problems and increase device performance, HgZnTe (MZT) was 
then proposed. The MZT with 15% zinc has the same detection range (8-12 μπι) 
as MCT with 22% cadmium and has comparable physical properties [2]. The in-
corporation of zinc stabilizes the crystal network. On the other hand, the large 
difference between the liquidus and the solidus in the ZnTe-HgTe phase diagram 
also makes difficult the growth of homogenous crystals from the classical tech-
niques (melt-cs and solution growth). Frequently, the same techniques have been 
applied to grow both materials. In other words, the MZT family has benefited 
from almost all the growth techniques that were previously used for MCT. These 
techniques include Bridgman, traveling heater method (THM), accelerated cru-
cible rotation technique (ACRT) coupled to the Bridgman and THM techniques, 
and chemical vapor transport (CVT). 

2.1.1. HgCdTe 

In the Bridgman process, pure elements Hg, Cd, and Te are usually loaded in a 
clean, thick wall quartz ampoule. The charge is homogenized in a vertical furnace 
by a slow melting, a few tens of degrees above the melting point of the MCT alloy 
(Fig. 4.1, [3]) and crystals are grown by a slow freezing started at one end [4-6]; 
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FIGURE 4.1 The HgTe-CdTe phase diagram according to the data of Szofran and Lehoczky [3]. 

the single crystals or large-grains ingots obtained unfortunately have large radial 
and axial composition variation. 

THM, with tellurium as the solvent, has been more successful than the melt 
growth of MCT crystal insofar as the use of low-growth temperatures result in 
smaller radial and axial composition variations [7-11]. 

Solid state recrystallization (SSR) is a solid-state technique that has been used 
to produce large grain MCT crystals [12-18]. It unfortunately results in crystals 
containing a high density of dislocations and stacking faults [12,13]. 

The growth from the liquid suffers from the unavoidable problem of axial 
and/or radial compositional homogeneity, arising from two major factors: (i) the 
buoyancy-driven convection, always present in the melt growth performed on 
earth (due to thermal and solutal gradients); and (ii) and the gap between the 
liquidus and the solidus in the pseudobinary phase diagram (Fig. 4.2a). It was sug-
gested that increasing the stirring in the fluid could help overcome this problem. 
Thus, various modifications were made to conventional liquid growth techniques. 
Su et al [19] applied a transverse magnetic field during vertical directional so-
lidification. Other authors applied the ACRT during Bridgman growth [20-24] 
or THM growth [10,13,25-28]. The ACRT consists in accelerated/decelerated 
rotations in alternate directions. These modifications increased the stability of 
growth rates, improving the axial and radial compositional uniformity and pro-
ducing larger single crystal regions of better quality. Furthermore, the ACRT was 
also shown to reduce the density of second-phase precipitates and to improve the 
control of the segregation. 
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The vapor growth of bulk homogeneous MCT requires a good adjustment and 
control of the vapor pressures of the source materials. This process is not easy, 
which explains the reason why this technique has not often been used in growing 
MCT crystals. Nevertheless, Wiedemeier and Chandra [29] applied the chemical 
vapor transport technique to grow bulk crystals of Hgi-^Cd^Te (χ ~ 0.2) in a 
closed tube, and used Hgl2 as the transport agent. 

As grown from stoichiometric mixtures, bulk Hgi-^Cd^Te (MCT) presents 
deviations from stoichiometry. It is usually mercury (Hg) deficient, due to the 
volatility of this element. The Hg vacancies act as acceptors, thus explaining its 
p-type semiconducting properties. Generally, postgrowth annealing treatments 
under Hg overpressure are carried out as a way to adjust the stoichiometry by 
this impacts the electrical properties of the crystal as required for IR detectors. 
The p-to-ft-type conversion is of prime importance for device applications be-
cause of the high mobilities of the electrons. Numerous studies have been made 
on /7-to-«-type conversion in MCT [13,30]. Temperatures for annealing experi-
ments were chosen in the 260-400°C range. Because of the relatively low speed 
of the conversion front and the relatively small energy gap of the compound, Hall 
coefficient (RH) curves as a function of temperature can present reversals of sign 
or dips (anomalous Hall coefficient) [31]. This suggests a competition between 
electrons and holes, thus compensation—the core of the sample remains p-type 
while the skin is converted to rc-type. However, the electrons and holes concentra-
tions, as well as their mobilities, can be accessed through magneto-Hall measure-
ments analyzed with a multiple-layer model [32-35]. Electron mobilities (at 4 K) 
as high as 4 χ 10

5
 cm

2
/Vs ould be calculated [36]. The variation of these electrical 

properties with temperature can then be modeled [36-40]. Granger and Pelletier 
applied an iterative model to predict the variation with temperature of electron 
mobility in MCT crystals of different Cd composition. They could accurately fit 
their experimental data and evaluate the concentration of ionized impurities in 
their crystals. 

2.1.2. HgZnTe 

As mentioned earlier, HgZnTe has benefited from almost all the growth tech-
niques that were applied to the more studied HgCdTe. The growth of MZT en-
counters the same problem of nonuniformity of the composition as in MCT, due 
to the retrograde pseudobinary phase diagram (Fig. 4.2) and the wide gap between 
the liquidus and the solidus [41]. Moreover, the relatively slow interdiffusion be-
tween Hg and Zn in the melt [42] (about one order of magnitude slower than in the 
case of Hg and Cd) makes obtaining axially homogeneous ingots of reasonable 
length a time consuming process. During melt growth, extremely high mercury 
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FIGURE 4.2 HgTe-ZnTe phase diagram based on data from [41]. 

pressures are generated in the ampoule and thus thick-wall ampoules are required 
to reduce the risk of explosions. 

Su et al [43] applied the directional solidification technique to produce MZT 
from the melt (starting from the elements Hg, Zn, and Te) with zinc mole frac-
tion ranging from 0.15 to 0.22. The resulting ingots presented a nonuniform axial 
composition profile composed of a supercooled region, a transient region, and a 
steady-state region. The zinc composition in the steady-state region was always 
found to be much lower than the initial composition. Kennedy et al [44] used 
a modified vertical Bridgman technique and they could control the solidification 
interface during the growth. Nowak et al [45] applied a quench recrystalliza-
tion technique, and obtained ingots axially relatively homogeneous, but radially 
nonhomogeneous in composition. Sha et al [46] applied an axial magnetic field 
during a directional solidification of MZT, but did not improve axial composition 
homogeneity. 

The THM has also been applied for the growth of M Z T The growth tem-
peratures are lower then the melting point of the compound, which reduces the 
risk of explosions. Tellurium was used as the solvent [2,47,28] together with a 
source material constituted of semicylindrical ingots of ZnTe and HgTe, cut in 
a way (see Fig. 4.3) that produces the needed composition along the ingot. This 
resulted in axially more homogeneous ingots (Fig. 4.4) with a shorter transient re-
gion (compared to those obtained from the melt); the radial composition was also 
more homogeneous. In order to improve the composition uniformity of THM in-
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FIGURE 4.3 Simplified experimental setup for the THM growth of MZT with semicylindrical ingots 
of HgTe and ZnTe [49]. 

gots, various alternative source materials have been tested [49]. This study reveals 
that the best results are obtained when the source material is constituted of semi-
cylindrical HgTe-ZnTe or Bridgman-synthesized HgZnTe. The composition in the 
stationary region is close to the desired composition for the wafer. 

The Hgi-jcZn^Te (MZT) also has been subjected to the same heat treatment 
conditions and characterizations as its Hgi- jCd^Te counterpart. Figure 4.5 shows 
the variation of the Hall coefficient and mobility as a function of temperature 
for a THM as-grown MZT sample of 13.54% zinc, under a 0.8 Tesla magnetic 
field [49]. The RH presents a reversal of sign at 155 K, from negative to pos-
itive as the temperature drops, evidence of the electron-hole competition in the 
crystal. 

The variation of RH as function of the magnetic field at 70 Κ is shown in Fig-
ure 4.6. A sign inversion—from negative to positive—is observed at 0.12 Tesla as 
the magnetic field increases. A two-charge-carrier model was used to fit the ex-
perimental data in order to evaluate concentrations and mobilities at this tempera-
ture [49]. Figure 4.7 summarizes the results of analysis for different temperatures. 
One can see the low-temperature high mobility of electrons, evidence of a high 
purity material. 
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FIGURE 4.4 Axial composition profiles for MZT ingots grown by THM with semicylindrical 
charges of HgTe and ZnTe, with Te as solvent. The solid line corresponds to the Pfann's solution 
model with zinc segregation coefficients of 2.83 (1) and 2.76 (2) [48,49]. 
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FIGURE 4.5 Temperature dependence of Hall coefficient and mobility at 0.8 Tesla for a THM as-
grown H g i - j Z n j T e (x = 0.1354). Above 155 K, the electrons dominate the conductivity, and below 
that temperature the holes dominate [37]. 
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FIGURE 4.6 Magnetic field dependence of Hall coefficient at 70 Κ for a THM as-grown 
Hgi-jZnjcTe (x = 0.1354). The solid line is the calculated curve. 
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FIGURE 4.7 Concentration and mobility of electrons (n) and holes (p) versus temperature in as-
grown H g ^ Z n ^ T e (x = 0.1354) by THM [49]. 
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FIGURE 4.8 Concentration of electrons (η ι, nj) and holes (/?) versus temperature in a THM-grown 
H g i - j Z n j t T e {x = 0.133) crystal annealed under Hg overpressure (400°C/1.5 atm Hg for 6 days, 
then 260°C/0.09 atm Hg for 6 days) [49]. 

Samples annealed under Hg overpressure were also studied by magneto-
transport measurements with subsequent data analysis. No sign inversion of RH 
was observed. However, a three-carrier model was reported [49] to perfect the 
fit to the data points, especially at low temperature. The presence of holes in 
some cases was evidence of uncompleted p-n-type conversion or compensation 
in the concerned samples. Figures 4.8 and 4.9 show variation with temperature 
of the concentration and mobility of electrons (n l , nl) and holes in a MZT 
(xZn — 0.133) crystal annealed under Hg overpressure. One can observe that 
the electron-hole competition increases as the temperature is reduced. The con-
ductivity is of η-type material because of the high mobility of electrons. 

2.1.3. CdZnTe 

The CdZnTe (CZT) single crystals are widely used as substrates for the growth 
of epitaxial layers of HgCdTe for IR detector arrays. Large crystals (1.5 cm 
wide, 3.5 kg) with a high purity (Cu content < 2 - 3 ppba), low precipitate con-
tent (<10 μηι in diameter and < 1 0

5
 c m

- 2
 density), low dislocation density 

( < 1 0
5
 c m

- 2
) and high IR transparency (higher than 60%), needed for this ap-

plication, are routinely produced using the Bridgman method. Papers on CZT 
crystal growth improvements for IR substrate applications have been published. 
Copper is a particular concern when CZT is used as a substrate for MCT. One 
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FIGURE 4.9 Mobility of electrons (μη\, μη2) and holes (μ^) versus temperature in a THM-grown 
Hgi-jZnjcTe (x = 0.133) crystal annealed under Hg overpressure (400°C/1.5 atm Hg for 6 days, 
then 260°C/0.09 atm Hg for 6 days) [49]. 

report [50] described how the concentration of Cu was reduced by using in situ 
compounding with vapor transport of the Cd into the Te (and Zn). Also reported 
were the results of their "boulette" experiments, which showed that growth in a 
slight excess of Cd greatly reduced the occurrence of precipitates (second-phase 
particles). Another report [51] updated the results on reducing Cu contamination 
and also showed that growth in a pyrolytic boron nitride crucible gave signifi-
cantly lower EPD than growth in the more commonly used carbon-coated fused 
quartz. 

In a paper by Zhu et al. [52], Ca\-xZnxTe crystals (x = 0.04) were grown by 
the conventional vertical Bridgman technique. For characterization, they utilized 
a procedure developed for CdTe crystals [53]. Using the integrated area under the 
eutectic melting peak ^450°C, and the value AH = 25.3 cal/g for the enthalpy 
of fusion of pure Te, the concentration of Te precipitates/inclusions could be es-
timated. The measured broadening of the endothermic peak was probably due to 
impurities accumulated at Te precipitates/inclusions, which have a gettering ef-
fect. The concentration of Te precipitates/inclusions of as-grown CdZnTe crystals 
was thus measured and a good correlation with the IR transmittance of CdZnTe 
wafers at a wavenumber of 1000 c m "

1
 was found. It was reported that a 0.6 wt% 

concentration of Te precipitates causes a reduction of the IR transmittance to val-
ues lower than 55%. 
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2.2. T R A N S I T I O N M E T A L - D O P E D I I - V I 

C O M P O U N D S F O R T U N A B L E M I D I N F R A R E D L A S E R S 

In the II-VI family, selenides, tellurides, and sulfides doped with transition metal 
ions such as C r

2 +
, Co

2
+ , F e

2 +
, etc., have been shown to be potential new classes 

of laser crystals for the mid-IR spectral region [54], and room-temperature tun-
able laser action has been demonstrated in ZnSe:Cr

2
+, ZnS :Cr

2+
 [54,55], and 

CdMnTe:Cr
2+
 [56,57]. The host material can be a single crystal or a polycrys-

tal. In either case, the transition metal-doped crystal is a gain medium and a sat-
urable absorber. This section will present the growth techniques applicable for 
compounds in which laser action has been demonstrated, and those that have 
shown a broadened luminescence band in the mid-IR. The transition metal can 
be incorporated in the host during the growth process or by a postgrowth thermal 
diffusion. Basic characterization results are presented. 

2.2.1. ZnSe 

The ZnSe compound has been extensively investigated, mainly for its potential 
use in blue light emitting diodes (LEDs). Numerous growth techniques have been 
used to produce bulk substrates of ZnSe for homoepitaxy. Doping with transition 
metal has been performed either during the melt growth by introducing the dopant 
into the initial material [58-60] or by a postgrowth thermal diffusion of the dopant 
in the form of CrSe, CoSe, or FeSe [61-64]. 

Two methods have been used for the melt growth of undoped ZnSe. The first 
is the Bridgman (or gradient freezing technique), which starts from ZnSe powder 
in a graphite crucible, under a high pressure of inert gas (20-150 atm, to pre-
vent noncongruent sublimation of the material) [65-70]. In this technique, the 
growth takes place at very high temperatures, which has the consequence of fa-
voring the formation of the hexagonal structure (over the cubic structure), due 
to the 1425°C phase transition. This generates a high density of twins, voids, 
and impurities in the crystals. The second method is the low pressure self-sealing 
technique, developed by Fitzpatrick et al [71 ]. In this technique, the graphite cru-
cible is sealed under a relatively low pressure of N2 (5-7 atm) with condensed 
vapors of ZnSe, in order to avoid excessive losses of the initial charge. The re-
sult is that crystals obtained by this technique deviate less from stoichiometry and 
have a lower density of defects than those grown under the high-pressure tech-
nique [72]. 

Solution growth using heterosolvents such as In [73] and PbCh [70] carried out 
at low temperature in a THM configuration resulted in relatively small grain poly-
crystal that were contaminated with the solvent. More recently, Okuno et al [74], 
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used a ZnSe single crystal seed to grow ZnSe crystals using Zn and a mixture of 
Se/Te solvents. Prior to growth, their starting material was annealed under a vapor 
pressure of Zn for the Se/Te solvent, or a vapor pressure of Se for Zn solvent in 
order to reduce deviation from stoichiometry. 

Vapor growth has been used to produce high-quality crystals because of the 
low processing temperatures and the very low growth rates. The crystals are nev-
ertheless relatively small. There are two categories of vapor growth techniques— 
chemical vapor transport and sublimation. 

Chemical vapor transport (CVT) requires the use of a chemical transport agent 
such as iodine. The growth can be done in a closed tube at a temperature as low 
as 800°C with varying results, depending on the experimental conditions. Twin-
free polycrystal ingots or needlelike crystals have been obtained in unseeded am-
poules [73,75,76]. Fujiwara et al. [77] used a seed and applied the optimized 
conditions in Table I to grow large single crystals. Unfortunately, these crystals 
are usually contaminated with iodine. Mimila and Tribonlet [78] have used wa-
ter vapor as transport agent to grow pure polycrystalline ZnSe in a closed am-
poule. 

The chemical vapor deposition (CVD) process used industrially to produce 
fine grain polycrystalline window materials for IR detectors consists of gaseous 
H2Se flowing over a crucible containing molten Zn (~900°C). The F^Se (gas) 
reacts with Zn (gas) to produce ZnSe that deposits on a cold support. 

The sublimation of ZnSe occurs at a temperature (1000-1200°C) lower than 
the melting point of the compound, but high enough to be in some cases closed 
to the softening point of the quartz ampoules used. However, the sublimation 
growth of ZnSe is subjected less to contamination and to the problem of material 
stoichiometry than the former techniques. Physical vapor transport (PVT) exper-
iments have been done in closed systems, starting from ZnSe powders or chunks, 
with and without seeds [79-92]. Crystals of high purity and good crystalline qual-
ity have been reported. 

Sublimation growth has also been done in open systems where the ZnSe pow-
ders are heated in a stream of inert gas or H2 under low pressure. The crystals 

TABLE I Optimum Conditions used in [77] and [81] for 
the Growth of Large Single Crystals of ZnSe by CVT Using 
Iodine as the Transport Agent 

Growth temperature 

Seed orientation 

Angle at the conical tip of the ampoule 

Iodine concentration 

( H I ) 
<30° 

1.1 mg/cm
3 

=850° 
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obtained still show some areas with high twin densities, depending on the subli-
mation temperatures used [93]. 

Solid state recrystallization (SSR) has more recently been used to grow high-
quality, large single crystals of ZnSe [94,95]. The SSR is a technique that has been 
applied more to metals than to semiconductors. The process is different in metals, 
where a plastic deformation generally precedes the SSR. The SSR consists of a 
heat treatment that modifies the crystal structure of a fine-grain polycrystal. This 
transformation affects the number, the size, the shape, and the orientation of the 
crystallites in the solid. The migration of the grain boundaries results in the growth 
of some grains at the expense of others, which produces large single crystals. The 
SSR has the advantage of taking place at low temperatures (0.4 · T m ei t < TSSR < 
Tmeit — 100°C), and the sample remains solid during the process. Therefore, SSR-
crystals are less subject to contamination. 

The ZnSe must to be doped with transition elements for use as a room temper-
ature solid-state, mid-IR tunable laser material. Some basic characterizations are 
necessary in order to access properties that give to the material its lasing potential. 
Absorption spectroscopy and emission spectroscopy are some of these character-
izations. From the first technique, one can calculate the average concentration 
of doping ions in the material, and from the second, the lifetime of the excited 
states of the lasing ions can be accessed and laser emission can be achieved as 
well. 

Figure 4.10 shows a room temperature spectrum of ZnSe :Cr
2 +

. The dominant 
absorption band peaking at 1.8 μπι is due to the presence of chromium in the 
host material; semicolon it corresponds to the

 5
B2(

5
T2) ->

 5
A i (

5
E ) optical tran-

sition of C r
2 +

 and is the pump band for laser operation. The shoulder located at 
680 nm corresponds to the

 5
T 2(

5
D )

 3
T i (

3
H) internal transition of Cr

2 4
" [96,97]. 

The concentration ( N C r2 + ) of C r
2 +

 can be related to the peak of the absorption 
coefficient (ap) at ~ 1.8 μπι with Eq. (1) [98]. In general, the concentration of 
the absorbing species can be related to the absorption band through the Beer-
Lambert's law, provided the absorption cross section of the absorbing species is 
known, 

ap = 0 . 1 4 4 χ 1 0 -
1 7

N C r2 + (1) 

with ap expressed in c m
- 1

 and N C r2 + in c m
- 3

. 
Rablau et al. [98] reported the presence of traces of F e

2 +
 in ZnSe samples 

heavily doped with C r
2 +

. The F e
2 +

 ions in ZnSe induce an absorption band that 
overlaps the 2-3 μπι emission band of C r

2 +
. Thus, even traces of F e

2 +
 in the 

host material contribute to the passive optical losses in the ZnSe :Cr
2+
 lasers. 

These undesirable impurities should therefore be avoided by using high-purity 
dopants. 

The emission lifetime can be calculated from a measurement of the radiative 
decay of the upper level

 5
E , after pumping in the 1.8 μιη peaking-band. Fig-
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FIGURE 4.10 Absorption spectrum of ZnSe:Cr
2
+, measured at 300 K. 
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FIGURE 4.11 Luminescence decay in ZnSe:Cr
2 +

. The emission lifetime τρ was calculated to be 
equal to 4.50 μβ. 

ure 4.11 shows an emission decay measured in a ZnSe :Cr
2+
 doped by diffusion: 

a lifetime of 4.50 μ8 was calculated. Figure 4.12 depicts the temperature depen-
dence of the luminescence emission lifetime in ZnSeiCr

2
"

1
" [99]. At this moment, 



Bulk Semiconductors for Infrared Applications 

10 -

253 

<D 7 
Ε 

1 6 

§ 5 ω 

m 4 

ZnSe:Cr 
-J ι I ι L 

• · m 
. · # ·· 

0 50 100 150 200 250 300 350 400 
Temperature (K) 

FIGURE 4.12 Emission lifetime versus temperature in chromium-doped ZnSe [99]. 

the gradual increase of the lifetime at low temperature is still under investigation 
through application of theoretical models. 

2.2.2. ZnS 

Bulk ZnS crystals can be doped with transition metals in the same way as ZnSe— 
during the melt growth or by a postgrowth diffusion [55] applied to crystal grown 
from the melt or from the vapor. 

The high melting point of ZnS makes its growth from the melt rather difficult. 
Nevertheless, a modified vertical Bridgman technique has been used by Eagle-
Picher to produce ~ 1 -cm- size ingots [100]. 

Chemical vapor deposition is the other technique applied to produce ZnS crys-
tals. Iodine has been used as the transport agent by Oo et al. [101] to grow poly-
crystals. Iwata et al. [102] have used H2S, vapor of Zn and a small amount of 
iodine gas to produce large grain size crystals of ZnS. Suzuki et al. grew poly-
crystals using only H2S and Zn vapor [103]. 

Zinc sulfide (ZnS) doped with transition elements has not been investigated 
as much as ZnSe for mid-IR, solid-state tunable laser applications. However, De-
loach et al. [55] have reported the influence of few transition elements on the 
spectroscopic properties of this material. The C r

2 +
 ions, for example, induce an 

absorption band in the 1.4-2.0-μπι spectral range, with a peak at 1.7 μιη. This 
band corresponds to the

 5
T2 ->

 2
E of C r

2 +
 ions. A broad emission band of C r

2 + 

is observed, as in ZnSe:Cr
2 +

, in the 2-3-μπι spectral range. A room-temperature 
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(300 K) emission lifetime of 8 μ8 has been reported. Figure 4.13 shows the varia-
tion with temperature of the emission lifetime of the

 5
E level of C r

2 +
 in ZnS. One 

can observe the same trends as in ZnSe:Cr
2 +

. 
Table II summarizes spectroscopic properties of some transition metals in zinc 

chalcogenides [55]. 
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FIGURE 4.13 Emission lifetime versus temperature in chromium-doped ZnS [55]. 

TABLE II Spectroscopic Properties of Transition Metals in Zinc Chalcogenides [43] 

Cr
2
+ C o

2
+ N i

2
+ 

5
E

 5
T 2

 4
T 2

 4
A 2

 3
T 2

 3
T i 

Property ZnSe ZnS ZnTe ZnSe ZnS ZnTe ZnSe ZnS 

N i 0n s
a
( x 1 0

20
 c m -

3
) 0.01 0.18 0.05 0.06 0.17 0.25 0.32 0.18 

tfabs* ( x 1 0 "
20

 c m "
2
) 87 52 123 7.8 5.4 4.4 8.0 14.1 

Remiss* ( x 1 0 "
20

 c m "
2
) 92 75 188 3.7 3.5 7.1 - -

W s * @ 3 0 0 Κ ( μ δ) 8 8 3 290 184 50 - -
T T a d

b
 @300 Κ (μδ) 8 11 3 1173 1170 610 - -

1.0 0.73 1.0 0.25 0.16 0.08 - -

fl
Nions

 is t ne
 concentration of doping ions; a at , s and a e mi s s are, respectively, the absorption and the 

emission cross section of the corresponding ions. 
R E M I S S

 a nd
 rr a cj are, respectively, the emission and the radiative lifetime; and ηςργ is the emission 

quantum yield. 
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2.2.3. CdSe 

Chromium-doped CdSe is being investigated for its lasing potential. The 
Cr

2 +
:CdSe crystals can be obtained from melt, vapor, solution and also by a post-

growth thermal diffusion of chromium. 
The vertical Bridgman technique has been used by Schepler et al to produce 

polycrystals that cracked due to the anisotropic thermal expansion of CdSe [104]. 
The use of the physical vapor transport technique to grow single crystals of CdSe 
was first reported by Reynolds and Czyzack [105]. The temperature gradient so-
lution growth technique was used by Ndap et al to produce single crystals, using 
selenium as the solvent and CrSe as the dopant [106]. The postgrowth thermal 
diffusion of the dopant can be carried out on crystals obtained from melt, vapor, 
or solution [107-109]. 

The use of cadmium selenide doped with transition elements as a mid-IR, 
room-temperature, solid-state tunable material is under investigation. The first 
results reported are somewhat interesting. Continuous wavelength (cw) tunability 
over the 2-3 μπι spectral region was demonstrated in CdSe:Cr

2 +
. Chromium ions 

( C r
2 +

) in CdSe are responsible for an absorption band, peaking at 1.9 μπι. Fig-
ure 4.14 shows a typical absorption spectrum of CdSe:Cr

2 +
, measured at room 

temperature. The concentration ( N C r2 + ) of C r
2 +

 can be associated to the maxi-
mum absorbance through the following simple relation, deduced from the Beer-
Lambert's law (after a baseline correction): 

A = aaNCi2+8 (2) 
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FIGURE 4.14 Absorption spectrum of CdSe:Cr
2 +

, measured at 300 K. 
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where σα is the absorption cross section of C r
2 +

 (~3 χ 1 ( T
18
 cm

2
 in CdSe:Cr

2
+) 

and 8 is the sample's thickness (expressed in cm). 

2.2.4. CdMnTe 

Triboulet and Didier [110] have shown that solidus and liquidus, in the pseudobi-
nary CdTe-MnTe phase diagram, merge over a wide composition range, express-
ing a distribution of Mn close to one. Thus, homogeneous crystals of the same 
composition as the starting liquid phase can be obtained from classical normal 
freezing growth techniques. 

Chromium has been doped in CdMnTe (at the Brimrose Corporation) during 
the melt-growth of the compound using a modified Bridgman method [58,111-
113]. Postgrowth thermal diffusion also can be an efficient way of incorporating 
transition-metal ions in CdMnTe crystals obtained by the classical techniques. 
The Bridgman method, applied by Wu and Sladek [114] and the Brimrose Cor-
poration [115], usually produces heavily twinned crystals. This twinning starts 
for manganese composition of ^ 1 5 % , and increases in density with the man-
ganese content. The solution growth appears to be the best for producing good-
quality crystals. Triboulet et al. [116] have grown Cdi-^Mn^Te crystals with 
χ = 0.1-0.25 and 0.5 by THM, using Te as the solvent, at a growth temperature 
of 700-750°C and a pulling rate of 2-2.5 mm/day. Bridgman-grown source ma-
terials were used. Later, Azoulay et al [117] reported high-quality single crystals 
(40% Mn) grown by the vertical gradient freezing solution technique, using tel-
lurium as the solvent. These authors applied a low axial thermal gradient (3°C/cm) 
to the melt. The solidification was initiated by a rapid cooling and the subsequent 
solid annealed at about 800°C. 

2.3. E L E C T R O - O P T I C A N D N O N L I N E A R 

O P T I C M A T E R I A L S 

2.3.1. II-VI Compounds 

23.1.1. CdTe 

Although CdTe is well known for its optoelectronic applications, mainly in 
radiation energy detection and in photovoltaic and photorefractive devices (in the 
1.35-1.55 μπι spectral region), it can also be used as a substrate for MCT epitaxy. 
It was demonstrated a decade ago that it also can be used as an electro-optic 
power limiter (EOPL) [118,119] within a 400-nm range in the near IR. Only high-
resistivity crystals, with very small amounts of shallow traps, can be used for this 
application. 
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Cadmium telluride is the II-VI material on which almost all the existing crystal 
growth techniques have been applied (bulk and epitaxial) in order to prove crys-
tallographic quality, as well as the size of the single crystals. The production of 
bulk crystal has been carried out using techniques that include the following. 

(i) Vapor growth in closed ampoule (sublimation)—physical vapor 
transport (PVT) [120-126], chemical vapor transport (CVT) [127,128], 
give in most cases small and twinned single crystals that can be 
contaminated with the transport agent when using the CVT. 

(ii) Melt growth—vertical Bridgman [129-140], horizontal Bridgman 
[141-143], high-pressure Bridgman (HPB) [144], and vertical gradient 
freezing [145,146] produce large (twinned) single crystals that 
unfortunately contain a relatively high concentration of impurities due to 
relatively high operating temperatures. 

(iii) Solution growth has the advantage that low-growth temperatures yield 
less contaminated crystals. Tellurium is used as the solvent because of 
the higher solubility of CdTe in this element compared to cadmium. The 
traveling heater method (THM) is here the most widely used technique, 
in which the solvent zone migrates along a source material composed of 
a presynthesized polycrystal of CdTe or a mixture of Cd and Te (cold 
THM). During migration, the source material is dissolved at the "hot" 
interface and crystallized at the "cold" interface through the solvent 
zone [147-151]. The temperature gradient solution growth (TGSG) 
technique is also used to produce large crystals [152]. Solution growth 
drawbacks are the formation of a high density of Te precipitates, low 
growth rates, the segregation of impurities (resulting in the difficulty of 
achieving high and homogeneous doping levels), and poor crystalline 
quality due to off-stoichiometric growth conditions. 

(iv) Czochralski technique has not been very successful. Ingots were 
polycrystal with small crystallites and a high density of twins [153]. 

(v) The ACRT has been combined with the Bridgman [6] and with the 
THM [148,149,151] in order to improve growth rates, crystal quality as 
well as homogeneity. Striking results have been reported. 

Cadmium telluride has also been doped in order to increase the conductivity 
of the material for its use as substrates, decrease its conductivity via the com-
pensation phenomenon for radiation, and incorporate deep-level impurities for 
electro-optic devices, power modulators, and photorefractive devices. As-grown 
CdTe (from a stoichiometric charge) contains Cd vacancies (due to the high vapor 
pressure of this element), Te precipitates, and inclusions. To reduce their amount 
and compensate for Cd vacancies, the crystals are usually postannealed for a few 
hours under the overpressure of cadmium, which generally converts them from 
p-type to low resistivity n-type [138,139,151]. 
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Very few studies of acceptor doping have been performed on CdTe, mostly 
because the elements Li, Na, K, As, Cu, Sb, Ag, etc. constitute the major part 
of the residual impurities found in CdTe crystals grown by the classical tech-
niques [138]. Moreover, in p-type CdTe substrates, the charge carriers have low 
mobilities [139,151]. Intentional doping with Ag, which substitutes for Cd, has 
revealed that this element has a high diffusion mobility at low temperature in 
CdTe [154-156]. 

The η-type doping during growth is usually performed with group III A el-
ements such as CI, In and Al, mostly in order to produce highly compensated 
high resistivity crystals [157-160]. Photorefractive applications require deep-
level impurities; transition elements seem to be the convenient dopants for this 
purpose [139]. 

To access the quality and physical properties of the materials, various charac-
terizations are usually performed. The Hall measurements lead to quantification 
of the electrically active dominant impurities, as well as the mobility of the major-
ity charge carriers. Figure 4.15 shows the temperature dependence of the majority 
charge carriers (electrons) in a Bridgman-grown CdTe sample. This sample was 
cut from a vertical Bridgman-grown ingot and annealed under a cadmium over-
pressure [139]. The activation energy of the electrically active impurities and the 
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) 

FIGURE 4.15 Hall concentration of electrons as function of temperature in a vertical Bridgman-
grown CdTe. The solid line is the result of the fit to the relation obtained from Eq. (3) with values 
summarized in Table III. 
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TABLE III Concentration of Impurities and Activation Energy 
Calculated in a Vertical Bridgman-Grown CdTe [139] 

Νa ( c m ~
3
) Ndi (cm

 3
) Nd2 (cm

 3
) sdi (MeV) Bdl (MeV) 

2.82 χ 1 0
14 

3.86 χ 1 0
14 

4.43 χ 1 0
14 

9.94 91.50 

concentration of acceptors and donors can be calculated through a fit of the data 
to the theoretical expression of the concentration of charge carriers obtained from 
Eq. (3). This relation derives from the neutrality equation with two donor centers 
of one energy level each, and the assumption of nondegenerated parabolic energy 
bands: 

AT , Ndi · Nci Nd2 · Nc2 ... 
n + Nc\ η + NC2 

where 

KT Nc ( e d\ \ AT Nc ( Sd2 \ 

^2̂ 2nm*kBTj k3 / 2 

with N, 

The NCi is the density of populating the donor level Sdi (i = 1,2) and Nc is 
the effective state density in the conduction band. The Na is the concentration of 
acceptors, Ndi and Ndi are the concentrations of donors 1 and 2. The m* is the ef-
fective mass of electrons, Ηβ is the Boltzmann constant. The results obtained from 
the fit are summarized in Table III. These values indicate that the compensation 
ratio is 34% at 300 K. 

The charge carrier mobility is one of the physical properties of the material that 
affects its application in devices. Figure 4.16 shows the variation with tempera-
ture of the mobility of electrons measured in the previous sample. The theoreti-
cal mobility was expressed according to Mathiessen's rule. Scattering on optical 
phonons, acoustical phonons, and ionized impurities was considered the main 
contribution to mobility. 

23.1.2. ZnTe 

Zinc telluride (ZnTe) is a II-VI compound that can be grown only as p-type, 
doped or not. Smith [161] had difficulty observing η-type conductivity in crystals 
heavily doped with aluminum. With a bandgap of 2.23 eV at room-temperature, 
bulk ZnTe single crystals have application as green light emitting devices, or epi-
taxial substrates for these devices. It also can be used as source material for the 
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FIGURE 4.16 Hall electron mobility as function of temperature in a vertical Bridgman-grown CdTe. 
The solid line is the theoretical mobility defined according to Mathiessen. The concentration of ionized 
impurities (Nj) was calculated to be equal to 5.85 χ 1 0

14
 c m

- 3
. 

TABLE IV Experimental Conditions for a Vapor Growth 
of Undoped ZnTe [408] 

Starting material Presynthesized ZnTe 

Starting material's temperature 1000 to 1022°C 

Crystallization temperature 850°C < Tc < 1000°C 

Pulling rate 3.2 to 3.4 mm/day 

growth of ternary alloys (HgZnTe, CdZnTe, etc.). A photorefractive response has 
been observed in semi-insulating ZnTe, as we report in the next paragraph. Semi-
insulating crystals can be obtained by compensation of residual acceptor impuri-
ties with donors (shallow or deep levels) through doping. This will hardly reverse 
the conductivity to n-type. 

Various techniques have been applied to grow bulky ZnTe including vapor 
growth [162-164]. Typical experimental conditions given by Su et al. [164] are 
presented in Table IV. The authors report good-quality crystals, free of Cu impu-
rities. As well, growth from nonstoichiometric melts (they contain an excess of 
one of the elements, Zn or Te) using a modified Bridgman process [165] has been 
used. Table V summarizes the experimental conditions from Reference [165] and 
the authors reported single crystals 21 mm in diameter. 
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TABLE V Experimental Conditions for a Modified 
Bridgman Solution Growth of Undoped ZnTe [4091 

Seed Sapphire oriented (0001) 

Starting material Zn:Te = 3:7 

Reaction temperature 1080°C 

Temperature gradient 10°C/cm 

Pulling rate 21.6 mm/day 

TABLE VI Experimental Conditions for a 
Zone Refining Growth of ZnTe [1661 

Zone's temperature 1300°C 

Pulling rate 2.5^1 cm/h 

TABLE VII Experimental Conditions for 
CTHM and THM Growth of ZnTe [491 

CTHM 

Processing temperature 950°C 

Pulling rate 6 mm/day 

THM 

Processing temperature 950°C 

Pulling rate 3 mm/day 

Third, the zone refining technique [147,166] has been used. Experimental con-
ditions from Triboulet and Didier [166] are presented in Table VI and polycrystals 
were reported. Finally, the THM with a tellurium solvent was first applied on this 
material by Triboulet and Didier [166]. The authors reported large-grain polycrys-
tals (2 grains per ingot 15 mm in diameter and 16-cm long) of high purity [49]. 
The processing temperature is usually as low as 850°C. The growth is carried 
out with a starting material obtained by the modified Bridgman technique or the 
cold THM (CTHM) in a tellurium solvent. Figure 4.17 presents the experimental 
setup of the CTHM and Table VII summarizes the experimental conditions for the 
CTHM and THM growth of ZnTe. 

Hall effect measurements have been carried out to access crystal proper-
ties [49], for example, including purity. Figure 4.18 shows the variation of the 
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FIGURE 4.17 Experimental setup for CTHM growth of ZnTe [49]. 

concentration of holes as a function of the temperature for a THM-grown ZnTe. 
From the fit of the data using Eq. (4), it is possible to obtain the value of the ac-
tivation energy (εα = 126 MeV) of the electrically active acceptor level, as well 
as the concentrations (Na = 1.53 χ 1 0

15
 c m

- 3
 and Nd = 8.49 χ 1 0

14
 c m

- 3
) of 

acceptors and donors, respectively. The 126-MeV activation energy corresponds 
to the energy of silver (Ag) in substitution for zinc [49,167] and the compensa-
tion ratio at 300 Κ is 55%. Hole mobility was 80 cm

2
/V-s at 300 Κ and rose to 

8000 cm
2
/V-s at 45 K. 

P-(P + Nd) 
Na-Nd-p 

where ρ is the concentration of holes, g is the degeneracy factor of the acceptor 
energy level, kg is the Boltzmann constant, Τ is the temperature and Nv is the 
effective state density in the valence band, Nv = 2{

2nm
j£

Bl
γ I

2
 and mj£ is the 

effective mass of the holes. 
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2.3.2. III-V Materials 

2.3.2.J. GaAs 

Gallium arsenide (GaAs) crystals are now routinely grown by the liquid en-
capsulated Czochralski (LEC) and liquid-encapsulated vertical gradient freeze 
(LE-VGF) methods in sizes >20 kg and 8 in diameter. Franck et al [168] in-
corporated an arsenic (As) source in their growth chamber in order to observe 
the influence of the source temperature on the properties of the crystal grown by 
VGF. They reported the growth of single crystals for source temperatures in the 
range of 607-620°C, and a slight reduction of the concentration of the intrinsic 
deep donor defect EL2 from 8 χ 1 0

15
 c m "

3
 to 6 χ 1 0

15
 c m

- 3
 when the source 

temperature was brought from 620 to 607°C. Vertical zone melting (VZM), zone 
leveling (in a Ga-rich melt), and zone refining techniques were also carried out for 
the growth of high-purity GaAs for room-temperature y-ray detectors [169-171]. 
The resulting materials were reported to be electrically nonhomogeneous. 

Gallium arsenide is used mostly as a substrate material for various applications, 
such as field effect transistors (FETs), which are useful in high-speed computers 
and microwave devices for wireless telecommunication, etc. It has applications in 
photovoltaic devices (solar cells) [172-175] and in radiation detectors [174-178]. 
This material can show a photorefractive response through its intrinsic deep defect 
EL2 [179], or when doped with chromium [180]. The EL2 defects are known to 

1000/Τ (Κ"
1
) 

FIGURE 4.18 Hall concentration of holes as function of 1000/T for a ZnTe sample grown by THM. 
The continuous line is a theoretical fit from which εα = 126 MeV, Na = 1.53 χ 1 0

15
 c m

- 3
 and 

Nd = 8.49 χ 1 0
14

 c m "
3
 [49]. 
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be stoichiometric-related and they are due to As vacancies. Chromium doping is 
usually done by adding the dopant to the material prior to growth. 

A review [181] of crystal growth of a substrate material is recommended to 
readers for additional information. Lower dislocation density, reduced elastic dis-
tortions, well-defined stoichiometry deviations and carbon doping levels, and pre-
cipitation control, are a few of the crystal growth issues affecting the quality of 
the material [182,183]. For a review of the optical properties of GaAs, the reader 
should consult Reference [184]. A few IR applications have been reported over 
the years. The GaAs single crystals are used for high-power optics in the mid-
IR region due to their large nonlinear coefficient, high optical damage threshold, 
and large coherence length (> 100 μιη) for second harmonic generation (SHG) in 
the mid-infrared region. However, GaAs cannot be birefringently phasematched. 
Quasiphasematching was demonstrated in GaAs [185,186] with plates aligned at 
Brewster's angle. Diffusion bonding of a periodic stack of GaAs (110) wafers 
was also reported [187,188]; the process allows a monolithic structure to be 
constructed that retains the excellent thermal and mechanical properties of the 
bulk crystal, and reduces significantly losses at the interfaces. Through optimized 
processing conditions, stacks of either (100)-(110)-oriented, 3-in GaAs wafers 
were bonded with optical losses as low as 0.1-0.3/interface (measured at 5.3 and 
10.6 μπι) [189]. 

23.2.2. InSb 

The major commercial suppliers of InSb, widely used for IR detectors, use the 
Czochralski method [190,191]. The greatest problem in the growth of InSb crystal 
is their defects and inhomogeneties [192,193], the sources of which are still not 
well understood. In Czochralski growth, convection instabilities lead to striations 
along and transverse to the growth directions; microfaceted growth and twins 
are also observed [194,195]. Horizontal and vertical THMs are also employed 
in the growth of InSb crystals [196,197], although the growth rate is extremely 
slow [196]. High-quality InSb crystals can also be grown with the Bridgman 
technique [198]. There have been various studies addressing various problems 
during the vertical Bridgman growth of InSb crystals from the melt, such as off-
stoichiometric compositions within the binary crystal [199,200], constitutional 
supercooling [201], and impurity distribution in the crystal [202]. Furthermore, 
there is disagreement within the literature on the exact solidification point of 
crinSb; temperatures ranging from 524 to 536°C have been reported [203]. 

The direct small energy gap and large carrier mobility of InSb make it a very 
suitable material for IR detector, filter and emitter applications [204,205] and as 
substrates for AllnSb devices [206,207]. Very high-quality InSb crystals, suitable 
for IR device applications, have been grown by the vertical Bridgman technique 
using an indigenous Bridgman setup with some modifications [208]. 
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2.3.23. GaP 

Stimulated Raman scattering (SRS) can be used to shift the emission frequency 
of the lasers to different spectral regions and to build laser oscillators and ampli-
fiers that can be used extensively and effectively to control the characteristics 
of the laser beam. Stimulated Raman scattering has been demonstrated in vari-
ous gas, liquid and insulating solid-state materials, but most practical applications 
involve the use of gas cells. However, a few crystals have been identified that pos-
sess the narrow, isolated and intense Raman active vibronic modes necessary for 
efficient scattering. In most cases, however, the stimulated Raman conversions are 
achieved in a passive arrangement, that is, the laser-active element and the stimu-
lated Raman converter are different parts of the optical system. The laser crystal 
is kept inside the resonator and the crystal used for the stimulated Raman scatter-
ing is placed outside the resonator. Research for many years has had the good of 
developing new crystals that would serve the purposes of laser action as well as 
that of a the host for stimulated Raman scattering. 

The stimulated Raman scattering from phonons in semiconductors is very at-
tractive because it can operate as a semiconductor FIR source at a different fre-
quency of the pump and Stokes frequencies ω0 and cvs. Nishizawa and Suto [209] 
were the first to report successful operation of a semiconductor Raman laser us-
ing a GaP crystal. Undoped GaP crystals with η < 1 0

16
 c m

- 3
, grown by liquid-

encapsulated Czochralski (LEC), were cut 10-15 mm long and the two end faces 
were optically polished flat and parallel to 1.6 · 1 0

- 4
 rad. Pumping was made by 

a Q-switched YAG laser operating at 1.064 μπι. The details of this laser setup are 
given in Reference [209]. 

2.3.2A. InP 

The technology of semi-insulating (SI) InP substrates is becoming of great 
interest for a increasing number of applications in high-speed devices, such as 
metal-insulator-semiconductor field effect transistors (MISFETs), optoelectronics 
communications, optoelectronic integrated circuits (OEICs), and solar cells. The 
developments of InP came much later than those of GaAs and GaP because of the 
difficulty of growing twin-free single crystals. 

The transmission loss of a quartz fiber used for optoelectronic communica-
tion has a minimum at the wavelengths of 1.3 μπι and 1.55 μπι [210-213]. It 
appears that GalnAs ternary compounds or GalnAsP quaternary compounds are 
well suited for lattice-mismatched epitaxial growth in InP substrates in the wave-
length range from 0.9-1.6 μπι. 

There have been many reviews on polycrystal synthesis and single crystal 
growth of InP [214-219]. 

Several technologies have been proposed for the synthesis of InP polycrys-
talline material, including high-pressure horizontal Bridgman [220-222], high-
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pressure gradient freezing [223-225], synthesis by solid diffusion [226], and 
direct synthesis [227-229]. For industrial applications there are certain require-
ments: (a) very high purity of polycrystals; (b) minimum indium inclusions; and 
(c) batch quantity as large as possible with high synthesis rate. Considering these 
requirements, the horizontal Bridgman technique became the most widely ac-
cepted industrial method for the synthesis of InP polycrystal material. 

There is high demand for the growth of InP single crystals with high purity 
and low dislocation density. It has been shown from thermoelasticity models that 
there are two possible ways to decrease the dislocation density in InP. They are: 
(1) by lowering the thermal gradient in order to minimize thermal stress; and 
(2) increasing the critical resolved shear stress (CRSS) via a lattice-hardening 
mechanism. 

The gradient freeze techniques, either horizontal gradient freeze (HGF) or ver-
tical (VGF) have been widely used for the growth of III-V bulk compounds. The 
horizontal growth system was used to grow InP [230] in a newly designed furnace, 
the Mellen "electrodynamic gradient" (EDG) furnace. The key features of the 
system are the structure of the heating elements and the computer control of the 
temperature profile. The major drawback of these gradient freezing-growth meth-
ods is the poor yield of single crystals when growing along the (100) direction. 
Seeded, 50-mm-diameter InP crystals have been grown by the VGF method [231] 
in a pyrolytic boron nitride (PBN) crucible. In this case, the radial and axial ther-
mal gradients were been decreased with respect to the conventional LEC process. 

Although the LEC technique is advantageous for growing large-diameter sin-
gle crystals with high single crystal yield, twinning is a large problem in the case 
of InP. A number of different methods have been adopted to reduce this twinning. 
One of them used B2O3 glass encapsulants with lower water content [232-234]. 

Optimization in the rotation conditions, both crystal and crucible, might also 
help to reduce twinning. There are some reported theoretical studies on the 
solid/liquid interface shapes from the viewpoint of thermal balance calcula-
tions [235,236]. 

The high pressure LEC technique is used to grow standard-quality InP ingots. 
The main problem with this method is the large thermal gradient and the inhomo-
geneous thermal distribution. Key parameters that have been explored to minimize 
the LEC thermal gradient are boric oxide height over the melt [237,238], thermal 
shield [239], gas nature and pressure [240,241], and multiheater furnaces [242]. 

In the case of the LEC technique, it is absolutely necessary to have a certain 
axial temperature gradient during growth. This induces thermal stress in the crys-
tals, which is a main cause for the dislocations. With a normal temperature gradi-
ent of 40°C/cm, it is possible to grow dislocation-free crystals by LEC when the 
crystal diameter is small but if a much smaller temperature gradient is required, 
then vertical or horizontal Bridgman techniques are more promising for obtaining 
low-dislocation-density single crystals. 
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As mentioned, the second method to reduce dislocation density in InP is by 
increasing CRSS via a lattice-hardening mechanism. This is known as "impu-
rity hardening," and can be achieved by doping with appropriate elements. The 
choice depends upon the device applications. Semi-insulating InP substrates are 
required for optoelectronics applications. For these applications the substrates 
must have high resistivity to isolate them. This is done by doping the InP with 
impurities such as Fe, Cr and Co, which form deep acceptors, or with Ti, which 
forms deep donors. Shallow acceptors must be intentionally added in the case 
of Ti doping [243,244]. For industrial purposes Fe is the dopant choice to ob-
tain semi-insulating InP and there have been extensive studies on Fe-doped InP 
single crystals [245-248]. However, Co and Cr are not suitable as dopants for 
semi-insulating crystals because they precipitate [249]. For further improvement 
of semi-insulating InP, the Fe content can be reduced by using highly purified HB 
InP poly crystals as raw materials [250]. 

The reader is encouraged to go through the detailed review of InP crystal 
growth and characterization for a better knowledge of how to grow dislocation-
free InP single crystals and also how to dope material for IR applications [251]. 

23.2.5. GaSb 

Gallium antimonide (GaSb) has generated significant interest in its growth and 
characterization techniques because it has good IR detection properties. It is used 
mainly as a substrate material on which multiple epitaxial layers are grown for 
applications in optoelectronic devices. Alloys of GaSb are useful over the wide 
spectral range from 1.24 μπι for AlGaAsSb [252] to 4.3 μπι for InGaAsSb [253, 
254]. Commercially-bulk GaSb crystals are grown by either the LEC or Bridgman 
technique. Due to the structural and compositional defects of the grown crystals, 
there are still limitations for the GaSb substrates to reach their full potential in 
solid-state electronics [255]. There has been some work done on the micrograv-
ity growth of these crystals (both doped and undoped) by the liquid encapsulated 
melt zone (LEMZ) technique [256] in order to better understand the defects. The 
ternary Gai-^In^Sb is being investigated for its use in thermophotovoltaic appli-
cations [257,258]. 

2.3.3. Chalcopyrites 

The I-III-VI2 and II-IV-V2 compound materials belonging to the chalcopyrite 
family have been synthesized from their constituents and then grown sepa-
rately using the horizontal gradient freeze growth technique in a transparent 
furnace [259]. Difficulties in the initial experiments included the low values of 
the thermal conductivity, the high vapor pressure of the group VI or V element 
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(Se2, Te2, P2 or AS2) at the melting point, cracking during cooling, and opti-
cal absorption centers in the ΟΡΟ pump band. Nonwetting boat materials, such 
as vitreous carbon or boron nitride (which has the advantage of flexible walls), 
were used to prevent secondary nucleation and sticking to the evacuated quartz 
ampoule, and seed crystals were used to promote monocrystalline nucleation 
and oriented growth. Finally, and most importantly, low-temperature gradients 
(<5°C/cm) were used to reduce the effects of the concave solid-liquid interface 
in order to minimize stresses resulting from the anisotropy of the thermal expan-
sion coefficients and suppress vapor transport. The horizontal transparent furnace 
was used to make it possible to control the seeding process and to monitor the 
growing crystal during the run. In addition, feed purification and stoichiometry 
control have lowered the defect-related absorption losses [260]. For CdGeAs2, 
for example, decreasing the oxygen contamination of the starting material had a 
major influence on the optical transparency of the grown crystals [261]. 

The growth of CdGeAs2 from the vapor [262] by float zoning in both 
Earth [263] and microgravity [264] environments and by chemical vapor trans-
port [266], were also investigated. 

The growth of ZnGeP2 was attempted, with a modest degree of success, by 
several methods including vapor transport [266], crystallization from low melt-
ing point metals [267], and the liquid encapsulated Czochralski (LEC) tech-
nique [268]. The use of a vertical Bridgman using a ceramic jacket around the 
seed, careful choice of the seed orientation (to ensure minimum resolved shear 
stresses on the {112} cleavage plane), and flexible (boron nitride) crucibles 
was reported to yield 20-mm-diameter, 700-mm-long, crack-free ZnGeP2 crys-
tals [269]. Effects of microprecipitation observed in this material have been at-
tributed to a retrograde solidus on the ZnP2 side of the pseudobinary ZnP2-Ge 
phase diagram [269]. 

The crystal defect structure as well as the doping-incorporation processes in 
chalcopyrites are significantly more complicated and more difficult to study than 
those of the binary zincblende III-V compounds. The low-temperature photo-
luminescence of ZnGeP2, for example, showed [270] the presence of a broad 
band attributed to donor-acceptor-pair recombinations, but no band-to-band re-
combination. The native defect characteristics for ZnGeP2 and CdGeAs2, as well 
as the dopant incorporation and their electrical properties were summarized by 
Bairamov et al [271]. For ZnGeP2 crystals the concentration of acceptors and 
donors is quite large (10

1 8
—10

20
 c m

- 3
) while the free carrier concentration (p-

type only) at RT is in the range of 1 0
1 0

- 1 0
18

 c m
- 3

. For CdGeAs2, the range is 
narrower, ΙΟ

1 6
—10

17
 c m

- 3
, indicating in both cases the presence of compensat-

ing defects. For CdGeAs2, for example, doping with Ga and Cu produces p-type 
crystals while doping with In and Te creates η-type crystals. 

Several methods have been employed to improve the quality of the grown crys-
tals. For AgGa*Ini_jt;Se2 grown by the directional crystallization method, an an-
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nealing process for 20 days at 10-20 Κ below the melting point was found to be 
useful [272]. Postgrowth vacuum annealing was found useful for decreasing the 
p-type conductivity and increasing the optical transmission of AgGaTe2 crystals, 
while annealing in Te decreased the optical transmission [273]. In their study of 
ZnGeP2 annealing, Schunemann and Pollack [274] noticed a correlation between 
the effect of annealing and the initial composition of the crystal, with the most re-
markable reduction in absorption occurring in near-stoichiometric crystals. Unfor-
tunately, the homogeneity range of ZnGeP2 has not been studied experimentally 
and its width remains unknown. Long-term (300 h), low-temperature annealing of 
as-grown ZnGeP2 was reported [275] to lead to improvements in the optical ab-
sorption that did not correlate with the sample size, nor the vapor composition in 
the ampule. This led the authors to conclude that interaction between pre-existing 
point defects, rather than the diffusion of external species, was involved in trans-
mission improvement. 

For CdGeAs2, annealing under As overpressure at 520°C produces p-type ma-
terial while annealing under Cd overpressure at 400°C was shown to produce n-
type material. The temperatures for the As and Cd reservoirs were 510 and 390°C, 
respectively [271]. Irradiation with high-energy (1-4.5 MeV) electrons [276-278] 
and y-ray (^Co) [278,279] increased the resistivity and reduced the optical ab-
sorption near the bandedge for as-grown ZnGeP2. The primary defect produced 
during irradiation is considered to be the Frenkel pair (vacancy plus interstitial 
complex). Such a defect requires threshold energy of 14 to 35 eV, depending on 
the material [280]. The irradiation-induced eefects were attributed to compensa-
tion of the native defects (in particular the Vzn\ which were identified by EPR 
studies [281]. 

3. M A T E R I A L P R O P E R T I E S R E L E V A N T F O R 

I N F R A R E D D E V I C E S 

This section will review the basic material properties relevant for IR use of bulk 
semiconductor crystals in photorefractive devices, optical limiters, MIR lasers and 
optical parametric oscillators. 

3.1. PHOTOREFRACTIVES 

3.1.1. Basic Principle and Background 

The photorefractive effect, that is, a refractive index change induced by a light 
field, was first discovered [282] as an unwanted "optical damage" in LiNb03 
and LiTa03 crystals that were used for nonlinear optical purposes [283], such as 
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second harmonic generation. This photorefractive effect can also be explained as a 
realtime holographic optical nonlinearity that is effective for low power lasersover 
a wide range of wavelengths. 

If two mutually coherent laser beams are incident on a photorefractive crystal 
as shown in Figure 4.19, the coherence between the two beams will produce an 
interference pattern with dark and bright areas (fringes). 

Charge carriers are preferentially excited in the bright fringes while a smaller 
number of carriers are generated in the darker fringes. Thus, the interference pat-
tern is periodic and will result in a periodic charge distribution with the same 
spatial period and phase as the lasers. Due to this carrier concentration gradient, 
the excited carriers drift and diffuse into areas where the concentration is lower. 
During this process, they may temporarily recombine to trap centers and subse-
quently be re-excited (as long as the light is of sufficient intensity). In this way, 
a space charge builds up inside the crystal in phase with the interference pattern. 
The electric field of this space charge acts through the linear electro-optic effect 
to form a volume holographic refractive index grating in real time, that is, the de-
velopment of this grating occurs with a time constant of the order of the response 
time of the photorefractive crystal. 

It is important to note that the electric field is spatially shifted by 90° with 
respect to the interference pattern, and the refractive index grating is also shifted 
by 90°. This shift is possible because of the dependence of the refractive index 
perturbation on the direction of the electric field, not just on its magnitude. The 
direction of the shift is governed by the sign of the electro-optic coefficient and 

FIGURE 4.19 Experimental setup for photorefractive two-beam coupling. 
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crystal orientation. Due to shifting of the grating with respect to incident optical 
interference pattern, the beam coupling results in energy transfer from one beam 
to the other. 

By chopping the pump beam and monitoring the signal beam, the photorefrac-
tive gain can be measured. The ratio of the modulation of the signal-beam AIS 

with the pump beam to the signal beam Is without pump beam is called pho-
torefractive gain. The photorefractive gain Γ may be found using the following 
equation 

where L is the overlap length of the beams and β is the intensity ratio of the signal 
beam to pump beam. Equation (5) could be solved for Γ to give the relation 

The gain coefficient Γ also could be estimated by using a simplified model given 
by Kukhtarev and others [285]: 

where ξο is the electron-hole competition factor, kp is the inverse of the De-
bye screening length, reff is the effective electro-optic coefficient and no is the 
linear refractive index. The choice of the components of r eff depends on crystal 
point symmetry group, sample orientation, and beam polarization. For a one-level 
model, k

2

D = {e
2
/ekBT)Ntft, where iVeff is the effective trap density, ε is the di-

electric constant, and kg is the Boltzmann constant. The value of grating wave 
vector is given by kg = 2k sin θ where 2Θ is the angle between the two crossed 
beams. An important intrinsic property affecting the photorefractive response of 
a given material is thus the product fl^ff, where no is the linear refractive index 
and reff is the appropriate component of the electro-optic coefficient. The choice 
of component depends on the crystal point group, sample orientation, and beam 
polarization. 

The relationship between materials properties and photorefractive response can 
be illustrated using a simple band transport model with a single defect [285] (as 
shown in Fig. 4.20). The total defect concentration is JV>, the concentration of 
ionized defects is No, and the concentration of neutral defects is (Ντ — No). For 
simplicity, such a case would be when the crystal contains Ν A acceptors, and No 
donors with Ν A <3C ND, with the assumption that all the acceptors are completely 
filled with electrons that have fallen from donor levels and these filled acceptors 
cannot be ionized by thermal and optical means. Thermal and optical emission 
of electrons is thus possible from the No — Ν A neutral donor levels. These are 

Δ7, 

Is 
exp(rL) - 1 

1 + β exp(fL) 
(5) 

(6) 

(7) 
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FIGURE 4.20 Energy diagram of a semiconductor assuming single deep-level defects. 

the actual levels that give rise to the photorefractive effect and the emission from 
these levels is governed by the rate of ionization β and its cross section S, while 
the recombination coefficients are given by yn and yp. In a two-beam coupling 
experiment, with no applied field and incident intensity /o, the space-charge field 
is described by 

£ , = - / ^ (8) 
e l + (k

2
/k

2
V 

Where / = (—1)~
2
, k is the magnitude of the grating wavevector, ko = 

[(e
2
/skBT)Neif]

2
 is the inverse of the Debye screening length, iVeff = Νο/Νγ 

(Ντ — No) is the effective trap density, and ξο is the electron-hole competition 
factor. 

The photorefractive response is also affected by several extrinsic, or defect re-
lated parameters. Equation (8) illustrates the importance of the electron-hole com-
petition factor £ο· This coefficient varies between —1 (holes as majority carriers) 
and + 1 (electrons as majority carriers). The gain is maximum for the monopolar 
case, that is, |£o| = 1, and is zero in the case of exact compensation. Because 
the electron mobility \ie is much larger than the hole mobility \ιη, one expects 
a faster photorefractive response for electrons as majority carriers. Also impor-
tant for high photorefractive gains is the effective trap density Neff, which gives 
the maximum number of charges that can be redistributed and therefore deter-
mines the magnitude of the space charge field that can be induced. Doping with 
transition metal ions, such as vanadium, has generally been used as a means of 
increasing the effective trap density in II-VI and III-V semiconductors. It should 
also be possible to improve the performance of II-VI materials, for example, at 
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specific wavelengths by alloying (such as in the Zn^Cdi-^Te system). By vary-
ing x, one can tune the bandgap to take advantage of the increased electro-optic 
coefficient near resonance [284]. 

In a one carrier model, Γ can be rewritten as a function of Id, the equivalent 
dark irradiance, defined as the irradiance at which the dark conductivity is equal 
to the photoconductivity, or ad = σ ρ η. The saturated gain coefficient, Γ4, is the 
value of Γ for / > Id. Therefore, for good photorefractive performance, the pho-
toconductivity σ ρη should be greater than the dark conductivity ad. This condition 
provides a measure of the minimum irradiance at which a photorefractive crystal 
can be used. 

Γ ( / ) = (9) 
1 + f 

With further approximations, β < SIo, ne < No, and No Νγ, the time 
response of the photorefractive grating can be described by 

l + ED/EM , I M 

1 + ED/EK 

where 

SDC „ kkBT γΝΑ Ane 
*d = -A , ED = , EM = ——, EK = -TVeff 

4πεμηβο e κμ Sock 
(11) 

and neo is the mean electron density, Ν A is the concentration of electrons bound to 
acceptor impurities, and €DC is the dc dielectric constant. These equations show 
the relationship between the electron (hole) mobilities and the response time of the 
photorefractive grating. From these equations it can be seen that for applications 
requiring fast writing and erasure of photorefractive gratings, it is important to 
have a material with high carrier mobilities. A response time on the order of 10 μ8 
can be anticipated in II-VI and III-V compounds [286]. Slow components in both 
the build-up and decay of gratings have also been related to transient trapping in 
shallow levels [284,287]. In order to understand this aspect of the photorefractive 
response, further research is necessary to characterize the shallow levels in groups 
II-VI and III-V semiconductors. 

3.1.2. Semiconductor Photorefractive Materials 

3.1.2.1. Requirements for a Photorefractive Material 

A good photorefractive material should contain enough deep levels that can 
create the space-charge field necessary to modulate the refractive index through 
the Pockels' effect. It should not have an inversion center of symmetry, a condition 



274 Burger et al. 

necessary for the previous effect to take place. It should have a high electro-optic 
coefficient. The material should be semi-insulating in order to allow the applica-
tion of relatively high electric fields. The practical resistivities should be higher 
than ΙΟ

7
 Ω cm. For short response times under illumination, the charge carrier's 

mobilities should be high enough. The material should be transparent in the opti-
cal spectral range considered for its applications, with a high photoconductivity. 
It should be of good purity, because too many residual impurities can reduce the 
solubility of the dopant in the host and may scatter and absorb the incident light 
beams. Materials of good structural quality are required for good modulation of 
the space-charge field; they should be free of precipitates. 

The semiconductor photorefractive materials have several other features that 
make them particularly attractive for possible devices. Some of these features are 
listed here [288]: 

• Photorefractive materials can be highly efficient at power levels obtained 
using CW lasers. Image amplification with a gain of 4000 [289] and 
degenerate four-wave mixing with a reflectivity of 2000% [290] have been 
demonstrated. 

• The characteristic phase shift between the writing intensity pattern and the 
induced space charge field leads to energy exchange between the two 
writing beams, amplified scattered light (beam fanning), and self-pumped 
oscillators and conjugators. 

• In optimized bulk photorefractive materials, the required energy to write a 
grating can approach that of photographic emulsion (50 uJ/cm

2
), with even 

lower values of write energy measured in photorefractive multiple quantum 
wells. 

• The response time of most bulk photorefractive materials varies inversely 
with intensity. Gratings can be written with submillisecond response times 
at CW power levels and with nanosecond response times using nanosecond 
pulsed lasers. Most materials have a useful response with picosecond 
lasers. 

• The high dark resistivity of photorefractive materials allows the storage of 
holograms for time periods up to a year in the dark. 

Due to these features these materials have potential device applications in op-
tical signal processing and related areas [291,292]. These applications include, 
among others, reversible holographic storage [293], tracking niters [294], optical 
interconnects [295], and neural nets [296]. 

The choice of the dopant depends on the way in which it induces a deep level 
in the forbidden band of the material. The dopant should be soluble in the host, 
because increasing its concentration strengthens the space-charge field and the 
contrast of the refractive indeces' network. 
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The gain (Γ) characterizes the quality of the photorefractivity of a material. It is 
a function of the parameter ξο, electron-hole competition factor, which depends on 
the crystal growth conditions. The gain is maximum when only one type of charge 
carrier induces the photorefractivity effect. Consequently, the choices of crystal 
growth techniques as well as the growth parameters affect the photorefractive 
properties. 

Investigations on photorefractive effects have been carried out on various 
types of materials. Most work has been on oxides. Ferroelectric oxides (LiNbU3, 
LiTaU3, KNbU3, etc.) doped with Fe have the highest electro-optic coeffi-
cients, but rather low sensitivities, which have somewhat reduced their use 
in practical devices. Sillenites (BinSiC^o, Bi^GeC^o, BinTiC^oX ceramics 
(Pbi_J CLa^Zr>,Tiz03), and tantalates have also been studied. Polymers (PVF2) are 
morphologically flexible so that they can be used in deformed-mirror adaptive 
systems. Glass-doped rare earth (Ce) [297] also has shown interesting photore-
fractive properties. 

Semiconductors have only recently interested investigators. The good qual-
ity of available crystals induces large carrier mobilities that result in large diffu-
sion lengths, leading to fast response times. Particular attention has been focused 
mostly on III-V and II-VI compounds, due to the need for photorefractive mate-
rials, compatible with semiconductor lasers and operation in the near-IR. How-
ever, Mononobe et al. [298] have reported a photorefractive effect in CdGa2Se4 
(chalcopyrite) at 0.633 μπι in the visible. Although semiconductors have smaller 
electro-optic coefficients than those of oxides, their resulting sensitivities are of 
the same order because of their small dielectric constants [299]. 

3.1.2.2. Bulk Semiconductor Photorefractive Matenals in the Infrared 

Among the III-V compounds, photorefractivity has been mostly studied in 
GaAs and InP because they could be easily grown in a bulk semi-insulating form. 
However, other binary materials of this group also have been investigated. In 
the II-VI family, CdTe and ZnTe appear to be the most interesting because they 
present higher electro-optic coefficients in the IR than the most studied III-Vs (see 
Table VIII). Their only problem is the availability of high-quality crystals. 

GaAs. In 1984 Glass et al. [180] predicted a photorefractive response in 
GaAs, when doped with chromium, as far into the IR as 1.8 μηι, based on ab-
sorbance measurements. This effect was subsequently measured from the near-
band edge at 951 nm to 1.3 μπι [300,301]. Gain coefficients as large as 0.4 c m

- 1 

were measured under conditions of a zero externally applied electric field, and as 
large as 16 c m

- 1
 with applied electric fields and near-resonant effects. The ap-

plication of electric fields can result in spatial nonuniformities, which are in fact 
mobile domains of high electric fields in the crystal. Rajbenbach [302] attributed 
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these domains to negative differential resistivity arising from field-enhanced cap-
ture of charge carriers by deep level traps, which can be other than the dopant 
(Cr). Low-frequency-current oscillations observed in semi-insulating GaAs (also 
in InP) are believed to be caused by these propagating domains. Investigations 
related to these domains have been carried out for various purposes—to find a 
way to control their formation [299,303] as well as the best method of extracting 
information on deep levels [304]. Elling et al [299] report that the formation of 
domains could be controlled by optical means. The experimentally determined 
optimum electric field that can be applied in GaAs:Cr for photorefractive actions 
without inducing field nonuniformities is ^ 4 kV/cm [305]. 

InP Indium phosphide crystals can give a photorefractive response when 
they are doped with eithen iron (Fe) or titanium (Ti). This was first demonstrated 
in 1984 by Glass et al [180] and Nolte et al in 1989 [306]. Photorefractivity has 
been observed in the spectral range going from 970 nm to 1.32 μπι [307,308]. A 
gain of 0.27 c m

- 1
 was measured at 1.32 μιη in InP:Fe [308], without any applied 

electric field. This gain could rise up to 30 c m
- 1

 at 980 nm under applied electric 
fields. Field domains similar to those reported in GaAs have also been observed in 
InP:Fe, but at temperatures lower than <77 Κ [309]. As the temperature increases, 
the deep-level traps are more and more depopulated, thus weakening the electric 
field in the domains, so that at 300 K, the high-field domain related trapping pro-
cess is completely absent. However, another mechanism favoring the build-up of 
high-field domains has been reported at room temperature in InP:Fe, when used 
in a double-pumped phase-conjugate arrangement [310-312]. In the double phase 
conjugate mirror (DPCM) configuration, the field-domains are due to a negative 
differential resistivity caused by the sudden increase of the intensity fringe con-
trast inside the material as soon as the DPCM achieves threshold. Wolffer and 
Gravey [312] eliminated the effects of these domains, by using an aberrating lens 
together with the DPCM. Ozkul et al [313] reported that the photorefractive ef-
fect in InP:Fe coved be reduced by the indirect transitions involving the excited 
state of F e

2 +
, when the majority photocarriers are holes at room temperature. 

GaP. Gallium phosphide (GaP) has not been investigated for its photorefrac-
tive response as much as GaAs and InP. This is due mainly to the difficulty in 
growing semi-insulating crystals. The particularly wide bandgap of this material 
permits photorefractive activity in the visible. Kuroda et al [314] reported a gain 
of 0.33 c m

- 1
 at 633 nm in the visible. However, absorption measurements in-

dicate that photorefractivity in this material should extend out to 1 μπι in the 
nearIR. 

CdTe. Photorefractivity was first reported in doped CdTe by Bylsma et al in 
1987 [284]. These authors doped CdTe, grown using the Bridgman method, with 
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vanadium concentrations ranging from 5 χ 1 0
17
 to 7 χ 1 0

19
 c m

- 3
. Dark resistivity 

values were reported to be > ΙΟ
5
 Ω cm, and effective trap densities were on the or-

der of 1 0
15
 c m

- 3
. Beam coupling and four-wave mixing experiments at 1.06 μπι 

yielded a Γ of —0.7 c m
- 1

, which is more than twice that of GaAs. Since 1987, 
there have been a number of other studies on photorefractive CdTerV [290,315-
321]. Vanadium dopant concentrations have ranged from approximately 1 0

17
 to 

1 0
19
 c m

- 3
 and resistivity values from around 10

5
 to 1 0

10
 Ω-cm. In spite of the 

wide range of dopant concentrations, the reported values of effective trap density 
Neff vary only by a factor of ^ 2 (8 χ 1 0

14
 to 1.5 χ 1 0

15
 c m

- 3
) . This would im-

ply that the trap density in CdTe:V is determined by other defects in the crystals 
[284]. In addition to photorefractivity measurements, techniques that have been 
applied to CdTe:V include optical absorption [320,321,323], photoconductivity 
photoluminescence [321], EPR [315,321], photoinduced current transient spec-
troscopy [322], and DLTS [248]. 

Measurements of photorefractive gain in CdTe:V with zero applied field have 
yielded values of 0.9 c m "

1
 [322], 0.7 c m

- 1
 [284,322] and 0.06 c m

- 1
 [318] at 

1.06 μπι, 0.24 c m "
1
 [318] and 0.06 c m "

1
 [318] at 1.3 μπι, and 0.26 c m "

1
 [318], 

at 1.5 μπι. Photorefractive gains with an applied field are higher, with values 
of 5.5 c m

- 1
 [316] and >10 c m

- 1
 [286] being reported at 1.06 and 1.3 μπι, re-

spectively. Reported values of both the magnitude and sign of the electron-hole 
competition factor differ significantly. Although there is agreement that electrons 
are the majority carriers at 1.06 μπι [316,318,321], the situation at other wave-
lengths appears to be sample dependent. Schwartz et al. [321] report that elec-
trons are the majority carriers at 1.3 and 1.5 μπι, while Rzepka, Moisan and 
co-workers [318,320] determined that the majority carriers were holes for their 
samples. Belaud et al. [316] and Launay et al. [317] measured gains near zero at 
1.3 μπι, which implies almost exact compensation. 

ZnTe. Zinc telluride (ZnTe) has a high electro-optic coefficient, suggesting 
that gain coefficients comparable with those of CdTe may be obtained if high 
trap densities could be introduced in the material. Unfortunately, this material 
has not been very attractive for photorefractive applications. This fact is proba-
bly due to the presence of multiple defect levels in the available crystals. These 
multiple defects induce the electron-hole competition, which causes measured 
low gains. Ziari et al. [286] reported photorefractivity in ZnTe:V in the 0 .63-
1.32 μπι spectral wavelength. They measured grating formation time of 15 μ8 at 
0.63 μπι with an intensity of 4.7 W/cm

2
, value comparable to GaAs at 1.06 mm, 

but shorter (faster grating formation) than photorefractive cubic and ferroelectric 
oxides. They reported two beam coupling (TBC) gains of 0.45 and 0.12 c m

- 1
 at 

633 and 830 nm, respectively [162]. 
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Ternary alloys: Cdi-^Zn^Te, Cdi-xMn^Te and CdSi-^Se^. Ternary solid 
solution alloys show a particular attraction because varying the mole fraction (x) 
in the 0-1 range moves the value of their bandgap between the values of the 
two binary components of the alloy. This can have the advantage of providing 
a tunable photorefractive-sensitive wavelength range [319,162] and also a better 
material quality. 

There have been few reports on photorefractive properties of Cdi-^Zn^Te. 
Ziari et al. [162] reported TBC gains as high as 0.65 c m

- 1
 at 1.06 μπι, with no 

applied electric field, in a sample with a 10% zinc composition. Studies have been 
done on samples with 1- and 4% zinc [163,324-326]. Figure 4.21 shows the TBC 
gain as a function of the pump beam intensity at 1.32 μπι, with no applied elec-
tric field. A saturated gain of 0.398 c m

- 1
 and a dark irradiance of 0.06 mW/cm

2 

could be calculated theoretically. Under an applied electric field and at 1.32 μπι, 
an electron/hole resonant effect is reported at « 1 m W / c m

- 2
, in samples of zinc 

composition as high as 1%. This suggests a competition between electrons and 
holes. Table IX gives values of ξο as a function of the wavelength, for samples of 
4- and 1% zinc. One can conclude that the incorporation of zinc in the CdTe ma-
trix has an important effect on the photorefractivity response of this material. The 
value of the electron-hole competition factor ξο should thus lead to the choice of 
the appropriate stoichiometry of the crystal for the applications needed. In other 
words, for applications at 1.5 μπι, it is obvious that crystals of zinc composition 
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FIGURE 4.21 Two-beam coupling gain versus pump beam intensity at 300 Κ in CdZnTe (CZT), 
with 4% zinc [139]. The solid line is the theoretical fit to the gain given in Eq. (10). Γ<χ, = 0.398 c m

- 1 

and Id = 0.060 mW/cm
2
, obtained from the curve fitting. 
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TABLE IX £o
 as a

 Function of the Wavelength for CZT Crystals of Two 
Different Zinc Compositions [410] 

Zinc composition 0.04 0.01 

Stoichiometry history Stoichiometric Tellurium rich 

ξ0 (1.048 μπι) - 0 . 0 8 - 0 . 6 9 

Photoionized carrier electrons electrons 

& 0-32 μπι) +0.68 - 0 . 3 5 

Photoionized carrier holes electrons 

& (1-535 μπι) +0.87 0.05 

Photoionized carrier holes holes 

of at least 4% are required (§o is positive and high). The other way, for applica-
tions at 1.048 μπι, no incorporation of zinc in CdTe is necessary (§o is negative 
and high). Furthermore, it should be noted that Cd vacancies reduce the value 
o f & . 

Photorefractivity has been reported in bulk Cd i_ xMn xTe , for undoped crystals 
with zinc composition of 10% [327], and for semi-insulating vanadium-doped 
crystals with χ = 0.45 (under applied electric field [112] and with no applied 
field [328]) and with χ = 0.55 [329]. Photorefractive response was measured 
in the 0.6-1.0 μπι range. The author in [327] demonstrates that at low tempera-
tures, in a two-beam configuration, a magnetic field can control the direction and 
magnitude of photorefractive energy transfer by rotating the polarization of the 
beams inside the crystal. Morgan et al [330] reported earlier photorefractivity 
in CdSi- jSe* (vanadium doped), and a TBC gain of 0.20 c m "

1
 at 633 nm was 

measured [112]. 
More investigations need to be performed over a wider composition range, in 

order to determine more accurately the photosensitivity tunability ranges of these 
alloys. 

3.2. O P T I C A L LIMITERS 

There is an interest in using wide bandgap semiconductors as a basic material 
for IR power limiter (IRPL) applications. The feasibility of using doped CdTe 
crystals for photorefractive and, in particular for optical limiting applications, was 
examined by several authors [284,331-334]. 
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The criteria for a successful semiconductor-based IRPL are: 

(1) large electo-optic coefficient, r i y; 
(2) high resistivity; and 
(3) sufficiently high concentration of deep levels that can be photoionized to 

form free carriers and once ionized, become efficient trapping centers, 
which helps to maintain the space-charge field. Therefore, the depth of 
the level determines the long wavelength limit of the device. 

The advantages of a semiconductor-based IRPL are: 

(i) it is wavelength-agile; 
(ii) it is self-actuating; 

(iii) it has a wide-field-of-view (up to 10° full angle); 
(iv) it has a very low power threshold (uses second order nonlinearity); and 
(v) it limits both coherent and incoherent light. 

For IRPL applications, the use of CdTe: V brings together many desirable char-
acteristics. The CdTe crystals have a direct gap of 1.5 eV, a wide transmission 
range (0.9-20 μ) with absorption coefficients as low as 0.0002 c m

- 1
, which when 

combined with their good thermomechanical properties, offers the largest figure-
of-merit for thermal fracture at 10.6 μ [335]. 

Cadmium telluride has already been shown to have a good figure-of-merit for 
device applications in the near IR: 

a) It is a good photoconductor with a resistivity under illumination of 
a p h ^ 2 x 10~

8
 Ω

- 1
 c m

- 1
, at 10 mW/cm

2
; 

b) It has a high dark resistivity, σ ^ 2 χ 1 0 ~
10
 Ω

- 1
 c m

- 1
, preventing the 

phenomenon of thermal runaway. Under these conditions, the device will 
not require cooling for heat dissipation. And 

c) high figure-of-merit, = 130 pm/V; CdTe.V, for example, was shown 
to have a gain coefficient at 1.06 μ, more than twice as high as those of 
GaAs and InP [284]. 

Other nonlinearities in semiconductors, including two-photon absorption 
(TPA) and free carrier absorption, have also been studied and reviewed [340-
343]. 

Both Si and GaAs were demonstrated as optical limiters based on nonlinear 
refraction effect [340,341]. Silicon has an indirect energy bandgap of 1.1 eV 
at room temperature. The Si optical limiter relies on linear indirect absorption 
(a ~ 10 c m

- 1
) of the 1.06 μπι (1.17 eV) light to generate free carriers, which 

once generated are free to absorb additional photons (free carrier absorption). 
Gallium arsenide has a direct bandgap of 1.42 eV and thus the 1.06-μπι radia-
tion is insufficient for band-to-band excitation; however, TPA will occur for large 
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intensities. Optical limiters that rely on TPA phenomena have the potential to op-
erate over a wider bandwidth than those that rely on single photon absorption. 
Similar studies have been performed on ZnSe for TPA-based optical limiting ac-
tion, which has the potential of expanding broadband operation over the visible 
range [342]. 

3.3. S O L I D - S T A T E M I D I N F R A R E D T U N A B L E 

L A S E R S 

Tunable mid-IR light sources are needed for a variety of applications such as op-
tical communication systems, LIDAR gas analyzers, and medical and scientific 
instrumentation, as well as target designation, obstacle avoidance, and IR coun-
termeasures for the military. 

Laser light sources continuously tunable in the near-IR spectral range, includ-
ing the widely used Ti: sapphire [343], have been available for several years. This 
level of development has not been achieved in the 2-10-μιη region, except for the 
MgF2 :Co

2+
 laser [344], which has been tuned out to 2.5 μπι. Today's available 

coherent sources include the cryogenic lead-salt diode lasers, gas and chemical 
lasers, a few rare-earth-ion lasers with limited tunability, and nonlinear optical 
devices such as Raman shifters and optical parametric oscillators (OPOs). In the 
mid-IR, the common explanation for the lack of strongly luminescent materials 
was the rapid onset of nonradiative decay associated with multiphonon recombi-
nation. Numerous reports dealt with the "undesired" IR luminescence generated 
by transition metal dopants (Cr, Co, Ni, and Fe) in visible light-emitting phos-
phors [345]. 

Solid-state lasers in the near- and mid-IR region, although not as widely tun-
able as the optical parametric oscillators/amplifier systems, have the advantage of 
compactness, especially when pumped by diode lasers. This opens the potential 
for transition metal-doped zinc chalcogenides (ZnS, ZnSe, and ZnTe doped with 
C r

2 +
, C o

2 +
, N i

2 +
, F e

+ 2
) for applications as room-temperature, mid-IR tunable 

laser media, as first demonstrated at Lawrence Livermore National Laboratory 
(LLNL) [55]. In particular, room-temperature laser demonstration of Cr

2 +
:ZnSe 

at 2.35μπι with a maximum slope efficiency of 20% has been achieved, with es-
timates of 75-100% quantum yields. The absorption, emission and nonradiative 
processes in Cr

2 +
-doped ZnSe, which are the basis for this four-level, solid-state 

laser, are shown in Figure 4.22. The small phonon frequencies of II-VI materials 
as compared to oxides and fluorides make nonradiative relaxation rates small at 
room temperature. 

Tetrahedrally-coordinated C r
2 +

 ions are especially attractive as lasants as a 
result of their high luminescence quantum yields for emissions in the 2-3 μπι 
range. The

 5
Ε radiative lifetimes and emission cross sections are, respectively, 
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Exci i t e d s t a t e 

Relaxation 

MgF2:Co 
1.7-2 urn 

Pump 
Emission 

2.35 urn, 20% 

Ground Return 

FIGURE 4.22 Absorption, emission and nonradiative processes in Cr
2 +

-doped ZnSe. The wave-
length of 2.35 μπι corresponds to the maximum intensity of emission in the tunability range. 

~ 1 0 |is and ~ 1 0 ~
1 8
 cm

2
 [63]. To date, the most impressive results have been ob-

tained using the C r
2
* dopant. While the Cr-doped crystals were shown to exhibit 

room-temperature quantum efficiencies that approach 100%, non-radiative decay 
appears to reduce Co and quench Ni luminescence [55]. The C r

2 +
 ion has been 

doped into several II-VI semiconductor materials. These materials include Zn and 
Cd chalcogenides [55,104]. Pulsed lasing has been demonstrated [346] with tun-
ability extending from 2.13 to 2.8 μπι and with slope efficiencies of >20%. The 
strong absorption features of the Cr-doped II-VI crystals match the output region 
of stained-layer InGaAs diode lasers and direct diode pumping of Ci^+rZnSe ma-
terial has already been achieved [347]. Α 2.6-μπι, kHz repetition rate, Cr

 2 + :
C d S e 

laser producing up to 815 mW was demonstrated at both the Air Force Research 
Lab and Cleveland Crystals [348]. Both Hampton University and Brimrose Cor-
poration [349] are investigating the feasibility of the Cr

2 +
:CdMnTe system. 

The first CW lasing in a transition metal doped II-VI compound was recently 
demonstrated by Coherent Technologies Inc., Fisk University, and LLNL with 
continuous tunability extending from 2.138 to 2.760 μπι, output power of 250 mW 
with no active cooling, and slope efficiencies of 63% [350]. 

3.4. O P T I C A L P A R A M E T R I C O S C I L L A T O R S ( Ο Ρ Ο ) 

3.4.1. Principle 

Another efficient way to obtain mid-IR radiation is to construct an optical para-
metric oscillator (ΟΡΟ). Its principle of operation is based upon a process similar 
to harmonic generation, relying on the nonlinear response of a medium to a driv-
ing field (the pump laser beam) to convert a photon into two lower-energy photons 
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FIGURE 4.23 Basic configuration of an optical parametric oscillator. 

(the signal and idler waves). Figure 4 . 2 3 shows the principle of operation of an 
optical parametric oscillator. 

Energy conversion requires that the three photons be related by: 

&>pump = S i g n a l + ^idler ( 1 2 ) 

while momentum conservation requires: 

^pump
 =

 /^signal + &idler ( 1 3 ) 

The pair of frequencies satisfying Eq. ( 1 1 ) is not unique and, in general, 
Eqs. ( 1 1 ) and ( 1 2 ) cannot be satisfied simultaneously. The most efficient en-
ergy transfer occurs when all three waves travel at the same velocity, a "phase-
matching" condition that can be met in birefringent crystals due to the variation of 
index of refraction with crystal orientation and wavelength. The wavelengths of 
the signal and idler will be determined by the θρ angle, defined as the one which 
the pump wavevector makes with the crystal axis; as the crystal rotates, differ-
ent wavelengths of light are produced. Under phased-matched conditions, spon-
taneous emission of signal and idler occurs (amplification), with no exchange of 
energy with the medium. 

To create an oscillator, the crystal is placed in a Fabry-Perot cavity that is reso-
nant to the signal, the idler, or both, and a build-up of light output at the resonant 
wavelength will occur. The schematic of a singly resonant optical parametric os-
cillator is shown in Figure 4 . 2 3 . In this case the dichroic cavity mirrors transmit 
at ω ρ and reflect at cos. 

For practical applications several factors need to be taken into account for se-
lecting the optimal material: (i) large second-order nonlinear coefficient; (ii) large 
single crystals; (iii) adequate birefringence; (iv) high transparency; (v) large ther-
mal conductivity and laser damage threshold; and (vi) good mechanical and chem-
ical stability. The ideal IR optical material for ΟΡΟ applications should have a 
wide range of optical transmission and a small dependence of the refractive in-
dices on temperature and high thermal conductivity. A recent review of the emer-
gence of chalcopyrites as nonlinear optical materials was published [ 3 5 1 ] . 



Bulk Semiconductors for Infrared Applications 285 

3.4.2. Materials 

The LiNb03 or KTP crystals pumped by a conventional Nd: YAG laser have been 
demonstrated to produce tunable IR radiation in the range of 1-5 μπι. To ex-
tend the light source beyond the 5 μπι range, bulk IR semiconductor materials 
have to be considered. We will review a few of the most promising materials 
for this type of application. Most of these materials have a chalcopyrite struc-
ture, as encountered in I-III-VI2 and II-IV-V2 classes of semiconductors. The 
chalcopyrite structure is similar to the zincblende one, with the group VI (or 
group V) element being tetrahedrally (slightly distorted) coordinated. The unit 
cell is tetragonal due to some uniaxial distortion of the lattice cell (c/a φ 2, 
with 0-10% distortion), leading to interesting anisotropy (in particular, the bire-
fringence is useful for devices) of the physical properties. A few examples of 
chalcopyrite semiconductors include ZnGeP2, CdGeAs2, AgGaS2, AgGaSe2 and 
others. Hexagonal (CdSe) and/or layer compound (GaSe) materials have the same 
useful property. 

3A.2.1. ZnGeP2 

Relative success was obtained in the ZnGeP2 (ZGP) system; in spite of being 
intrinsically limited by 2- and 3-phonon absorptions of 0.5 c m

- 1
, it is currently 

considered one of the most promising materials. The transparency range of this 
material for stoichiometric, high-perfection crystals is from 0.62 to 13 μπι; the rel-
ative high thermal conductivity, the presence of adequate birefringence for phase 
matching, and the large nonlinear optical coefficient (die = 75 pm/V) make this 
material quite promising [352-354]. Absorption coefficients of 0.4-0.8 c m

- 1
 at 

the CO2-laser emission wavelengths limit the use of this crystal for frequency 
doubling but allow ΟΡΟ applications in the 3-5 μπι range. The temperature de-
pendence of the birefringence and phase-matching conditions for ZnGeP2 were 
studied [355]. 

The availability of high-quality crystals is somewhat limited by the complex-
ity of the ZnGeP2 system, involved are volatile and highly exothermic reacting 
elements. Studies relating the growth condition, stoichiometry of as-grown and 
annealed crystals, point defects, and optical properties were published elucidat-
ing the nature of point-defect related optical absorptions [356,357]. A search for 
dopants for ZnGeP2 aimed at reducing the concentration of native defects re-
sponsible for optical absorption bands that limit the ΟΡΟ tunability was also re-
ported [358,359]. Calculations based on an atomistic description of the lattice 
predict that the group-Ill dopants will bind the hole more strongly than the group-
I dopants [358]. 

Average output power as high as 10 W in the 3-5 μπι region has been reported 
from a ZnGeP 2 ΟΡΟ pumped at 2.05 μπι by a pulsed Tm,Ho:YLF laser [360]. 
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3A.2.2. CdGeAs2 

Cadmium germanium arsenide (CdGeAs2> is a chalcopyrite semiconductor 
known for having one of the highest nonlinear optical coefficients of any phase-
matchable inorganic compound (d^ = 472 pm/V) [361], large birefringence 
ne - n0 « 0.1 [362] sufficient for type-II phase matching, and a transparency 
range from 2.4 to 18 μπι, making it attractive for C02-doubling, as well for as 
other mid-IR to FIR laser frequency conversion applications [264,363-365]. The 
typical as-grown material has a bandgap of 0.578 eV at 10 K, and a resistiv-
ity of 10 to 0.1 ohm-cm, corresponding to a free carrier concentration of 1 0

1 6
-

1 0
17
 c m

- 3
 at room temperature [366]. More recently, crystals grown by the float 

zoning technique under microgravity have shown lower carrier concentrations in 
the lower 10

15
 c m

- 3
 range [367]. 

The key elements in growing crack-free crystals are the use of low thermal 
gradients, seeded growth to avoid super-cooling and to control the orientation, 
and the use of a transparent furnace. In addition, feed purification and stoichiom-
etry control can lower defect-related absorption losses below those of the best 
samples reported in the literature. An additional feature of CdGeAs2 is its larger 
thermal conductivity (42-93 mW/cm-K) when compared with the I-III-VI2 chal-
copyrites, making it advantageous for both ease of crystal growth and a higher 
damage threshold, similar to that of Ge [368], for high-power laser applications. 
Current limitations include the RT extrinsic absorption by free carriers due to na-
tive defects, indicating a need for cryogenic operation. Up to 27% C02-doubling 
efficiencies and average output powers exceeding 2 W have been generated using 
CdGeAs2 [369,370]. From more recent measurements [371], the nonlinear optical 
constant of CdGeAs2, is J36(CdGeAs2) = 4.7 times u?36(AgGaSe2) =186 pm/V. 

3A.23. AgGa52, AgGa5e2 and AgGaxIn\-xSe2 

Silver gallium sulfide and silver gallium selenide [372] combine large non-
linear coefficients (13.4 pm/V and 26.8 pm/V, respectively) with phase matching 
over a wide (0.5-12.5-μπι) transmission range. Silver gallium sulfide is unique in 
its ability to be phase-matched when pumped at 1.06 μπι. A review of the crystal 
growth and optical properties of this family of crystals was published [373] that 
included an evaluation of the mixed AgGaJ CIni_; cSe2 previously proposed [374] 
for noncritical phase matching for CO2 laser second harmonic generation. The ef-
fects of various dopants in AgGaS2 and AgGaSe2 were also described [359]. The 
best bulk absorption coefficient for AgGaS2 at 1.06 μπι was <0.0005 c m

- 1
 [373], 

but surface absorption may increase with time. 
Laser damage studies of AgGaS2 by ESC A and Auger techniques have found 

that polished crystals have a silver-deficient layer ^ 2 0 0 A deep, while the 
bulk composition is closer to stoichiometry [375]. The thermal conductivity for 
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AgGaS2 and AgGaSe2 at room temperature is 0.014 W/cm Κ and 0.011 W/cm K, 
respectively. This is significantly lower than the heat conductivity of ZnGeP2, 
which is 0.35 W/cm Κ [373]. The growth of both AgGaS 2 and AgGaSe2 is 
achieved by the Bridgman method using a oax is oriented seed, which has a 
negative expansion coefficient, thus preventing the cracking of crystals during 
cooldown. The crystals have to be annealed in Ag 2S (or Ag 2Se) overpressure to 
eliminate the second-phase precipitation of Ga 2S3 (Ga 2Se3 , respectively) causing 
light scattering [373]. Although this process restores the optical transmission of 
the crystals to almost theoretical values, they are not defect free, as they exhibiting 
some degree of residual optical absorption and scattering. 

A recent study [376] on the design and performance of an injection-seeded 
pulsed parametric oscillator ΟΡΟ reports efficient difference frequency genera-
tion (DFG) in AgGaSe2 and AgGaS 2 crystals. The maximum DFG conversion 
efficiency was obtained with a 2-cm-long AgGaSe2 crystal, producing 3.6-16% 
quantum efficiency at ^7 .5 μπι. 

The mixed AgGa xIni_ xSe 2crysta ls present several advantages, including a 
maximum transparency coverage of the region of the C0 2- laser emission and 
its second harmonic, a high nonlinear quadratic susceptibility αΊβ compared with 
AgGaSe2 and the possibility of achieving noncritical 90°-phase matching by se-
lecting the value of 1 — χ (indium content). This makes it possible to use longer 
crystals as well as prevents unwanted birefringence (drift) effects [377,378]. In a 
study reported in Reference [272], an efficiency of 10.9% for the Q-switched C 0 2 

laser radiation was achieved, which is superior to the performances of AgGaSe2 

and ZnGeP2. 

3A.2A. AgGaTe2 

A ternary chalcopyrite structured compound belonging to the I-III-VI2 family, 
AGT has been the least explored for NLO applications. The room-temperature 
bandgap is 1.32 eV and the melting point is 677°C [379]. Undoped, as-grown 
crystals are p-type. Although its nonlinear properties have not been reported, it 
belongs to a group of materials that have been very well studied, AgGaS 2 and 
AgGaSe2. Tell et al. [273] have investigated this crystal and reported good me-
chanical properties as well as the possibility of birefringence useful for nonlin-
ear optics. They also estimate that the second-order nonlinear coefficient χ

( 2)
 = 

233 pm/V, and a figure-of-merit of 498 (pm/V)
2
 is approximately 2.3 times that 

of AgGaSe2. 
The thermal conductivity of AgGaTe2 was estimated [380] to be 0.8 W/m-K 

by analysis of its bandgap trend within this semiconductor family. Based on 
the measured birefringence it was found [380] that this birefringence will not 
be sufficient for phase matching (Type I) at room temperature; however, accu-
rate measurements of the indices of refraction are required before the conditions 
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for phase matching at elevated temperature are found. In the absorption spec-
trum, a band tail extending beyond the bandedge to 5-6 μπι was observed in the 
as-grown crystals, indicating the presence of native defects. Ohmer et al pro-
posed [380] the mixed AgGa(Sei_J CTeJ C)2 where χ is chosen to provide the de-
sired room temperature birefringence. It was estimated that a mixed crystal with 
x = 19% for a 10.6-μπι pumped SHG process can exceed the conversion of 
AgGaSe2 by >100%. 

3Λ.2.5. CdSe 

Cadmium selenide is an attractive nonlinear crystal that can operate as an ΟΡΟ 
in the 3 .58^ .2 μπι (signal) and the 8.3-12.6 μπι (idler) regions. When pumped 
near 3 μπι, CdSe has an effective nonlinear coefficient deff, of 17-18 pm/V, and 
operates in a Type-II, phase-matched orientation with the angles ranging from 67 
to 90° [381]. 

Reported absorption coefficients were nominally constant at 0.007-0.01 c m
- 1 

over the 1-10 μπι region. The thermal conductivity is moderately large, κ = 
43 mW/cm-K. The birefringence and the indices of refraction of CdSe were mea-
sured in the 2.5-16.5 μπι range [382]. The results of experiments to generate 
signal output centered at 3.9 μπι by use of CdSe ΟΡΟ have been reported [381]. 
More recently, a report on a CdSe ΟΡΟ pumped by a 2.79 μπι Cr, EnYSGG 
folded oscillator yielding a 59% slope efficiency and 1.2-2.4 mJ of total idler 
output between 8.5 and 12.3 μπι was published [383]. 

3A.2.6. GaSe 

Gallium selenide is a soft, layered material that can be cleaved only along 
the (001) plane, limiting the maximum length of the crystals to 1-2 cm. These 
crystals were successfully used for second harmonic generation of CO2 laser 
radiation [348] and in type-II optical parametric generation in the 3.9-10 μπι 
range [385]. The crystals have a high nonlinearity of 54.4 pm/V, which is ap-
proximately 10 times that of LiNb03. More recently, the largest wavelength 
range of tunability (3.3-19 μπι) of an ΟΡΟ was achieved in this material [386]. 
However, it was concluded that when a smaller tuning range (3.9-10 μπι) is 
sufficient, ZnGeP2 is superior because of its twice-larger nonlinear figure-of-
merit and availability of longer crystals, which makes the OPG pumping thresh-
old one order of magnitude smaller and the quantum efficiency 2-3 times 
larger. 

Gallium selenide has some interesting properties for nonlinear frequency con-
version applications of IR laser light, either for second harmonic generation, 
sum or difference frequency generation, or optical parametric oscillation, and 
an excellent review has been compiled by Fernelius [387]. It transmits in the 
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0.65-18-μπι wavelength range, and its optical absorption coefficient remains 
below 1 c m

- 1
 throughout the transparency range. Its nonlinear optical coeffi-

cient is also high. This material has been the subject of several studies [388-
392] since the early 1970s, but difficulties in growing good material with the 
available techniques almost caused the efforts associated with GaSe to be aban-
doned. 

Crystals of volatile or dissociable compounds, including many of the III-Vs 
and II-Vis, require a specialized growth technology. The growth problems stem 
from high vapor pressure and reactivity of the volatile component. Commer-
cial gallium and selenium (6-9s pure) were further purified to remove resid-
ual impurities. The stoichiometric mixture was prepared by mixing elements Ga 
and Se. The temperature of the mixture was raised to 1050°C and maintained 
for many hours to ensure complete mixing. Crystal growth was carried out by 
the capillary-seeded Bridgman method. The details of the growth method are 
described in References [393,394]. It was carried out at a thermal gradient of 
30°C/cm and the growth speed was 2 cm/day for growth of both doped and pure 
GaSe crystals. The X-ray powder diffraction patterns showed that the crystal be-
longs to hexagonal symmetry with a = 0.376 nm and c = 1.595 nm. The X-ray 
Laue patterns for the (001) plane were sharp and showed hexagonal symme-
try. The details of the characterization of GaSe crystals can be found in Refer-
ence [393]. 

Due to crystal softness, bending and deformation is also very common among 
these crystals. The usual practice is to dope these crystals either with In or Ag, 
to improve their mechanical properties and fabricability. A detailed study on this 
issue and the characterization of the SHG and ΟΡΟ fabricated from these crystals 
was reported [395]. 

In Reference [396], tunable mid-IR infrared down conversion with GaSe and 
AgGaS2 crystals over the 3.5-8.5 mm spectral range was achieved by differ-
ence frequency generation (DFG). Up to 10%-quantum conversion efficiency was 
demonstrated. The system also exhibits virtually no temporal delay between the 
pump and output pulses, which facilitates nonlinear optical interactions. 

3.5. INFRARED OPTICAL C O M P O N E N T S 

This section reviews some of the important infrared semiconductor materials used 
in the manufacture of windows, domes, substrates for infrared filters, and mirrors. 
The main characteristics of these materials are their wide transmission range, 
low absorptivity, chemical stability, good mechanical strength, and stability for 
high-power applications, where thermal lensing may occur. For example, win-
dows for FIR lasers (such as CO2) can undergo optical distortion of fracture at 
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high cw power levels due to their finite absorption coefficients [397,398]. The 
optical properties in the IR depend on the presence of native and foreign im-
perfections through absorption by free carriers, multiphonon processes, and on 
the presence of dislocation and precipitates through optical absorption or scatter-
ing [399]. Careful polishing and coating of the elements are essential processes 
for the fabrication of this type of optical components. 

3.5.1. Zinc selenide 

Zinc selenide material is useful due its full transmission in the 0.5-14 μπι 
range and low dn/dT, making it particularly attractive for CO2 laser applica-
tions [400]. Fracture toughness data (0.9 MPam

1
/

2
) have been published for this 

material [401]. 
The ZnSe polycrystalline material is usually grown by chemical vapor deposi-

tion (CVD); it is chemically very stable and available in large sizes (up to 12-in 
diameter). It is the preferred material for lenses, windows, beam expenders, and 
output couplers. 

3.5.2. Zinc Sulfide 

The spectral range of 8-12 μπι is a particularly useful one for the use of this mate-
rial for applications such as front optics for harsh environments, forward looking 
infrared (FLIR) windows, and missile domes. For this spectral range, ZnS has 
higher transmittance (75% at 10.6 μπι) [400] and durability than ZnSe. Fracture 
toughness data (1 M P a m

1
/

2
) have been published for this material [401]. The ZnS 

polycrystals are grown for these applications by CVD and specially postgrowth-
treated crystals are also useful in the visible range of the spectrum. 

3.5.3. Germanium 

Germanium has a high refractive index (η ~ 4), which has a useful transmission 
range of 2-23 μπι, low absorption coefficients (0.035 c m

- 1
 at 10.6 μπι), excellent 

mechanical properties, and availability in large sizes. One disadvantage is the high 
thermo-optic coefficient (dn/dT) of 40 χ 10~

5
 K~

l
 at 10.6 μπι. 

Germanium is used to manufacture attenuated total reflection (ATR) prisms, 
beamsplitters, and optical filters for IR spectroscopy, as well as lens systems 
for thermal imaging. The low value of the bandgap (Eg = 0.66 eV) means 
that special precautions need to be taken to avoid the effect of thermal runaway. 
For materials in which free carrier absorption is significant, the absorption co-
efficient will increase with increasing temperature, which in turn will increase 
again the absorption coefficient until the material fractures. The thermal fracture 
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figure of merit for germanium is among the largest, surpassed only by that of 
GaAs [402]. 

3.5.4. Cadmium Telluride 

Cadmium telluride has one of the widest IR transmission ranges: 1-25 μπι. 
The absorptivity of single crystals of CdTe at 10.6 μπι is <0.002 c m "

1
 [403]. 

In fact the calculated intrinsic absorption coefficient should be of the order of 
10~

8
 c m

- 1
 [404]. Its application for C 0 2 lasers is limited to low CW power 

levels, due to its thermal conductivity. However, CdTe becomes the material of 
choice for filter substrates in the 12-25-μπι region, where other materials possess 
low transmission due to the presence of multiphonon absorption bands. 

A procedure for reducing the absorption coefficient at 10.6 μπι (caused by 
precipitates) that involves the thermal annealing under a cadmium overpressure, 
was described [405]. The CdTe wafers were In doped with a concentration of 2 χ 
1 0

17
 indium atoms/cm

3
 and thermal annealing took place in a region where [Vcd] 

is slightly greater than «, the concentration of electrons. In a similar study [406], 
the best conditions for preparation of CdTe with low absorption coefficient at 
10.6 μπι were 700°C at pcd = 2 χ 10~

2
 — 5 atm, for a 2-mm-thick sample doped 

with an indium concentration of 1.2 χ 1 0
17
 c m

- 3
. 

3.5.5. Gallium Arsenide 

An alternative to zinc selenide is provided by gallium arsenide crystals, which 
are available in large quantities and sizes up to 10 cm because they are grown 
for optoelectronic devices. The refractive index of GaAs is η ~ 3.3 within the 
transparency range of 1.4-15 μπι. Among its advantages is durability, especially 
when used in dusty environments. Unlike ZnSe, GaAs is attacked by most acids. 
The absorption coefficient is ^ 1 0 ~

2
 c m

- 1
 in high resistivity material. Impurities 

such as Cr and Fe absorb ^ 3 - 5 μπι range, which limits its use there [402]. The 
large bandgap gives a predicted critical power for thermal runaway of 20 kW at 
room temperature [407]. 

4. CONCLUSIONS 

A variety of bulk semiconductors are being investigated for future needs, while 
some are already available and being used in IR technology for detection, modula-
tion and generation of radiation. A particular interest exists in high-average-power 
devices spanning the atmospheric windows of 3-5 μπι (mid-IR) and 8-12 μπι 
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TABLE X Room-temperature Bandgap and Refractive Index Values [361] for Elemental and 
Compounds Reviewed in this Chapter** 

Bandgap energy Bandgap wavelength Refractive index 

Material @ RT (eV) @ RT (μπι) @ 10 μπι 

Ge 0.66 1.88 4.0 

Si 1.1 1.06 3.4 

InSb 0.17 7.3 4.2 

InAs 0.36 3.5 3.8 

GaSb 0.73 1.70 4.0 

InP 1.35 0.92 3.5 

GaAs 1.42 0.87 3.6 

GaP 2.3 0.54 3.3 

ZnTe 2.26 0.55 2.7 

ZnSe 2.7 0.46 2.4 

ZnS 3.65 0.34 2.4 

CdTe 1.45 0.86 2.7 

CdSe* 1.7 0.73 2.4 

CdS* 2.3 0.54 2.3 

GaSe* 2.0 0.62 2.8* 

AgGaTe2* 1.3 0.95 3.0* [380] 

AgGaSe2* 1.7 0.73 2.6* 

AgGaS2* 2.3 0.53 2.3* 

CdGeAs2* 0.57 2.2 3.6* 

ZnGeP2* 1.67 0.74 3.1* 

a
For convenience, the wavelength values corresponding to the bandgap energy were calculated. Ma-
terials marked with an asterisk exhibit birefringence. 

(FIR) range, and tunable devices in these wavelength ranges are also highly desir-
able. Table X summarizes the main optical properties of the materials reviewed in 
this chapter. The main obstacle to more widespread use of such devices has been 
the difficulty in growing large, high-optical quality crystals, with a combination 
of high-nonlinear coefficients and optical and mechanical parameters compatible 
with those required for useful applications. 

The information presented in this chapter should be considered as an overview 
and the reader should consider the references given here for a detailed understand-
ing of each subject. 
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