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ABSTRACT 

Usi ng thermodynamical data and a computer program a selection of source and deposi t 

temperature at wh ich \: 1 meta lli c atomic ratio of ternary single crysta ls of zi nc cadmium 

cha lcogenides can be synthes ized from the binary Zinc- and cadmium- chalcogcn idcs were 

dete rm ined. In the group of bromine, chlorine and iodine the best transporting agent was 

selected. Allheoreticall y determined source and deposit temperature ternary single crystal s of 

cadmium zinc sulfide and cadmium zinc sclcnidc were synthesizcd by CTR. In thi s cnse, 

2 X 10-6 mglcm3 o f iodine were used as Iransponing agent in an ampoule of length 10 - 11 elll 

with 14mm ID and 17mm 00. Finally the compositions o rlhe synthesized ternary crystals were 

dclcmlined by AAS. lllC experimental results are in agreement with the theoreti ca l predictions 

with very smull error. 
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I. INTIWnUCTION 

Single crystals of binary compounds ar Zine- and Cadmium-Chalcogcnidcs arc semiconducting 

material with a high potential fo r preparation of e lectronic devi ces such as green and blue li ght 

emitting diodes, Laser diodes and solar cells [1 -6.1 . One of the methods by which slich crystal s 

can be produced is by chemi cal transport reaclion (C1'R) [7-16'1. In chemical transport reaction 

one or morc so lids interact with volatil e substances slich as e 12, 8r2, ' 2' He l, and N I -~ CI at a 

higher temperature to one or two gaseous species in the source pari orlbe reactio n vessel and 

then they are transported as gases to another side of the reacti on tube. AI thi s end the chemica l 

equi librium shifts and the crysta ls wi ll be deposited . Such technique is used for preparing more 

pure crysta ls and material of better crystal perfecti on than that obtained by the melt or so lution 

growth process [17]. 

The growth of ternary II -VI single crysWI semiconductors ( e.g. Cd l .~Zn~S, Cd l . ~Zn)l Se and 

Cd l .xZn~Te ) opens the possibility for the construction of novel optoelectronic devices [18-24]. 

The preparation of ternary and higher compounds of Cadmium - Zinc - Chalcogen ides by means 

of chemical transport reaction is di fficult, because it rcquires transport cond it ions which 

transports both binary chalcogenides in similar way from the source to the deposit site. By 

thernlOdynamical calculation, one can determine the pressure difference of the gaseous spec ies 

between source and deposition range of the reaction tube for a given set of TI and 1;. By 

app licat ion of computer technique thi s calculation can be done for a lot of temperature 

combinations in short time . In a previolls master thesis [25] , the technique was applied to find 

optimal transport condition for bi nary systems. In th is case the same technique is applied to 



= 

find transport condi tions, whi ch transports two binary systems to the same ex tent to gCI a 

ternary product of atom ic ratios of 1:1 such as lllo ,Cdo ,S, ZTlo ,Cdo ,Se. Zllo ,Cdo ,Tc. 

In the second part of this work the calculated transport conditions arc tested experimentally to 

show i f it is poss ible to real ise a sim ul taneolls chemical transportation based on theoretical 

pred ictions. 

For thi s purpose 

_ thermodynamical data for all the requi red substances were collected 

- the computer program was modi lied 

_ theoret ical calculations were performed for 18 transport systems 

_ binary powders of Zinc and Cadmium-Chalcogcnidcs were synlhesizcd 

- an adequate two- zone transport fu rnace was constructed 

_ si multaneous CTR erZine- <lIId Cadmium- Chalcogcnidcs were conducted 

_ the binary powders and the ternary singlc crystals grown wcre charactcrized by Atomic 

Absorption Spectroscopy 

2 
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2 LITERATURE SURVEY 

2. 1 Principles of Chemica l Tra nsport Reaction (CTR) 

A chemical transport reaction is a react ion in which a so lid SOUfce material reacts with a gaseolls 

transport agent at a source temp. (Ts) to produce exclusively gaseous products, whi le at another 

location in the system at a deposit temp. (Td) the reverse reaction occurs causing the depos ition 

of the same solid (Fig. 1) [26]. In simple cases the reacti on is demonstrated by the reaction 

scheme. 

aA(s) + bB(g) ... cC(g) + dD(g) 

In th is reaction , A denotes the substance to be transported 

8 denotes the transporting agcnl 

2. 1 

C and D denotes the gaseous products obtained as the result of the interaction 

of the so lid material with transporting agents at the source and a, b, c, and d arc the 

stoi chiometric coeffic ients. 

Depending up on the thennodynamic properties of the transport reaction the deposition zonc \,~ Il 

be at lower or at higher temp. than the source temperaturc. Mainl y_ temperature. type and 

amount of transporting agent input can affect the transporting conditions [27]. 

3 
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Source Deposi t 

aA(s) + b8(g) --> cC(g) + dD(g)--> aA(s) + b8(g) 

Fig. I Growth by eTR 

2. 1.1 Temperature 

The theoretically determined source and deposit temp. shou ld be kept constant to get the 

requi red single crystal with the necessary stoichiometry. However, the higher temp. at the source 

will introduce a variation of transport rate or lile adaloms, and the higher the temp. at the deposi t 

zone may cause re.evaporation of the adatoms. As the result, the required crystals can not be 

produced. On the other hand, the lower temp. at the source may hinder the transport [28]. 

4 
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2.1.2 Concentration and type of the transporting agent 

The concentrations orthe transporting agent affect chemical transport by changing the transport 

rate. When halogens are used as transporting agents. it was observed that the ratc of transport 

and the contamination of crystals by the transporting agent was increases with the concentration 

of halogens in the ampoule [61 . But in our case, the amount or transporting agent introduced into 

the reactor (ampoule) is very small and the contamination or our crystals may be neg ligible. 

2.2 Binary systems with different trllnsporting agents 

The single crystals or ZnS, ZnSe, ZnTe, CdS, CdSe and CdTc have becn grown success rull y 

by many people and various methods. 

2.2. 1 Zinc sulfide 

Growth of single crystals of ZnS by chemical transport has been achieved in Vycor capsule 

ranging from DAD to 2.20 em inner diameter (10) and 5.0 to \4 em in length using iod ine as 

transporting agent [10]. The iodine concentration which was employed ranged nearly from 0 to 

7 Illg/em3 The source temp. was maintained at 801Y C. the growth region was at 800 C · dT. 

where Il. T ranged from 30e to 75°C in vari ous runs. 

The synthesized crystals through CTR were transparent and color less to pale yellow- green in 

color. They frequently assumed the fom, of hexagonal plates. Crystals grown were subjected to 

5 



examination by powder and single - crysta l difTraction techniques. At hi gh concen tration of 

iodine the product is entirely sphaleritc while at low iodine conccntration wurtzitc structure was 

predominating. Intennediate iodine concentration produced crystals with severe stacking 

di sorder. 

The CTR of ZnS also conducted by using NI-I 4CI and 12 [29]. In thi s case different ampou le 

types and size were used . The amount of iodi ne or NH4Cl was varied from 0. 1 to 10.Omglml . 

The temp. of the souree was varied from 840 - I 160°C, and the temp of deposit was varied from 

630 - 1 0700C (many experiments were conducted). ·n,e growth process was rnainwined for 40 -

60 hr then the crystals were either cooled rapid ly by removing thc whole ampoule from the 

furnace system, or cooled slowly over a period of6 - 10 hr by pulling the ampoulc through a 

s lowly decreasing temperature range. Experimental results showed that crystals grown by NI-I 4Cl 

as transporting agent at the source and deposit temp. o f 1160 and 1070
0
C with 0.8 mg/cni 

NH
4
CI produced perfect hexagonal crysta ls with max. s ize 4 - 5 111m and with a growth rate of 

I .Omg/hr. On the other hand the crystals grown at I0600C (T1) and 950°C (Td) with 0.5 Illg/cm) 

produced perfect cubic crystals, max. size 5 - 10 mm with a transport rate of 17mglhr. Us ing 

iodine generally resulted in the formation of heavily faulted blocks or houles. In the case of 

NH
4
Cl no blocks or houles, only separated single crystals of up to lO x 5 x 2 mm

3 
were grown. 

The structure of the crystals obtained frolll various runs was also analyzed by X - ray Laue 

technique. The analysis results showed Ihal crystals with the highest perfection are those grown 

by NH,Ci. 

6 
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2.2.2 Zinc Sclcnidc 

Growth of ZnSe crystal by CTR was studied by using 11 (S mglcml) as transporting agent over 

the range of7S0 - 9000C in a quartz tube of I (kill long with 8mm 10 and ISmlll 00 f7l Under 

th is condition single crystals ofZnSe up to 2cm in length have been grown with 3 to SoC thennal 

gradien t. Growth continued for one to six months with the tubes st::Hionary. About 12 hr were 

allowed for the crystals to cool from growth temperature of abou t 850°C \0 241 C with .5 C 

thermal gradient between the feed materials and the crystal grown region . In this study the best 

crystals were obtained in between 8S0 - 860°C. Growth temp. less than f830 C gave 

polycrystalline growth whi le greater temperature than 890°C gave no cryswl growth . The Laue 

pattcms and EPR measurements revealed that the ZnSe crystals grown by iodine through CTR 

were cubic with high crystal perfection. 

2.2.3 Cadmium sulfide 

The chemical transport kinetics of CdS was studied in a horizontal closed ampou le of 18cm long 

wi th 10cm JD using iod ine as transporting age nt at a source and growth temp. of 11 73 and 

11430K respecti vely [8]. In thi s case the overall pressure was varied in the range of 0.5 to 2.5 

a tl11 . When working at sufficiently high temperature there is no practical evidence of activation 

barrie rs at the gas _ solid interfaces. By increasing the diameter and the pressure in the 

cylindrical ampoules the transport rate is increasing and it is con trolled by thermal convecti ve 

processes. Under this experimental condition the grown crystal's quality was 110t studied. 

7 
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2.2.4 Cadmium Telluride 

Growth ofCdTe by CTR in a closed tube has been descri bed in [30], where the transport agcnl 

is I-le i obtained by thermal dissociation of I-I"CI. A eTR has been carried out in quartz 

ampoules where geometry has been devised to reduce the thermal convection in the transport 

mechanism. The quartz ampou les were with diffusion parts of2· 3 mm 10 separated into two 

parts (source and deposit) orthe ampoule . Both sides arc IDcm long and lcmlD. In this cnsc 

various source and deposit temperatures have been lIscd for CdTe single crystal growth. A T, of 

800 _ 700°C and Td or730 - 500 t: with NH J:I concentration varied between 0.22 - OJ mglclll J 

were used It was observed that when source temp. Was 800' C and deposit temp. was 660 -

7300C with H"CI concentration OJ mg/cm} wcll -developed crystal s in the shape of platelets 

were grown on the colder end of the tube. The transports were conducted for about 50 - 100 hr 

with the transport rate of 1.4 - 5.4 x 10.9 mole/sec. were observed. l11c transport rate increased 

as the difference between the temp. gradient increased (keeping the source temp. at 80QoC). 

A Ocbye- Scherrer analysis showed that :.til the crysta ls have sphalerite stniClUreS, with 

a ~ 6.48 1A 

2.3 Tern ary Single Crystals 

Ternary single crystals have been produced by various methods. but there is no report wi th 

respect to CTR for the synthesis of ternary single crystals of Zinc Cadmium Chalcogenides. 

8 



3. MATERIALS AND METHODS 

3.1 T heoretical part 

For the calculation of the transport conditions we used a model [3 1), which was constructed with 

the fo llowing simplifications: 

1. The ampoule is d ivided into two equal part s as shown in Fig. 2 

2. Hal f of the tube is at Tl and half at T2 

3. The solid phase at Tl and T2 is in complete equ ilibrium with the vapour 

The ca lculations were made fo r the following notations of the chemical transport reacti on. 

ZnS(s) + CI,(g) '" ZnCI,(g) + y, S,(g) 

and the analogous formula fo r the foll owi ng 17 transport ing systems 

ZnS with 8f2. and 12 (2) 

CdS with CI" Br" and I, (3) 

ZnSe, CdSe with e12• 13f2. and 12 (6) 

ZnTe, CdTe with Ch. 8r2. and 12 (6) 

9 
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Idea l bo und e r 

Fig. 2 The ideal division of the am poule accord ing to the theoret ica l model 

3. 1.1 The Computer Program 

The program fo r the calcu lation of the transport condi ti ons was written in a prev ious maste r 

thesis in Turbo Pascal 6.0 (Borland International , Inc.). Th is program makes usc of different 

thermodynamic data and the amount o f transporting agents as inputs. For this purpose, the 

thcmlOdynamical data were collected from reference [32]. and the values arc given in Table I. 

The specific heat as a functi on oftcmp. is given in Ref. [32) in the form of 

C
p

= a + b x 10-3 T + ex 106
,...2 3.2 

For s imp li fication of the computer program, the constants A,a. A. b, and A c were calculated 

separately for the transport reactions according to: 

li,a ~ a(ZnCI, ) + a (Y,S, ) · . (ZnS )· a (CI, ) 

and ana logously fo r the other coefficients and transport reactions. 

10 



The values used for calculations arc listed in Table I co lumn 5 - 7 and the results in Table 2. 

The program req uires as input data thc standard heat of formation (AI-1°), the standard ent ropy 

(6 S0) and the specilic heat as a function of the temperature of the so lid chalcogcnide, the 

gaseous halide, the gaseous metal halide and the gaseous chalcogcnide. 

Using the input data the computer program ca lculatcs the fo llowing for the transport react ion: 

The standard heat of reaction (A,I-I°291) . the standard entropy (A,S029'). the heat of reaction for a 

given temperature (6 ,1-1\ ), the entropy of reaction for a given temperature (A,So,-) and the free 

energy fo r a given temperature (A,G01-) according to the fo llowi ng eq uations: 

6 ,1-1'". ~ 6 ,1-1'". (ZnCl,) + 6 ,H'", ( V, S, ) - 6 ,1-1'". (ZnS) - 6 ,1-I'",(CI,) 3.4 

6 ,5',," ~ 6 ,5'". (ZnCl,) + 6 ,5"98 ( y,S,) - 6 ,5'". (ZnS) - 6 ,5'".(CI,) 3.5 

6 ,H' T ~ 6 ,1-1'". +6 ,a x (T - 298) + 6 ,b/2 x 10" [T' - (298)' ] - 6 ,c x I 0' [, ' - (298)"J 3.6 

6 ,S'T ~ 6 ,5'", + 6 ,3 x In(T/298) + 6 ,b x I O"[T - 298]- 6 ,cl2 x 10' [,' - (298)"' ] 3.7 

In the same way the computer calculates A,I-I°291, A,S0298- A~lo T and A,SOT for rest of 17 transport 

reactions. 

3.8 
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In the rest step, the program calculates the chcmical cqui librium constant Kp for a given 

temperature T according to equation 

· 110' 
--' 

K (T) =ex p Rr 
p 

3.9 

The chemical equilibrium constant also related to partial pressures of the reactant and product 

species according to equation: 

K = P(ZnCf, ).jP(SJ 3. 10 
P P(Cf,) 

and where p( \-\S,) ~ p(ZnCI,) ~ X, P(CI,) ~ P',(CI,) - P(ZnCI,) 

Where pO is the initial pressure of halogen gases, X is the parti al presslire of gaseolls metal halide 

12 



TABLE I 

Subs. State dH029i S029. Cp ::: a +b* IO·) T +C* I<Fr2 T interval 

kJ/mol. J.mollk J/mol.k in oK 

, b c 

ZnCI2 g -267.3 277.1 61. 71 - -0.43 298-2000 

Zn Br2 g -185.8 303.8 58. 16 - - 298 

2nl2 g -63.4 328.2 58. 16 - - 298 

CdCI, g -205 .2 294.7 63.3 - -0.46 298 - 2000 

CdBr, g -144.9 315.5 65.4 - -0.46 298 - 2000 

Cdl , g -58.4 322.7 66.23 - - 0.5 298 - 2000 

ZnS s -205 57.7 49.25 5.27 -0.46 298- 1293 

ZnSe s -170.3 77.7 50. 17 5.77 - 298 - 1799 

ZnTe s -11 9.2 77.8 44. 1 18.74 - 298 - 1748 

CdS s -1 54.6 74.4 44.56 13.8 1 - 298 - 1748 

CdSe s -145.6 84.1 46.82 9.33 - 298 - 1512 

CdTe s -97.9 93.2 52.5 1 19 -0.74 298- 1372 

CI, g 0 223. 1 36.6 1 1.08 -0.27 298 - 2000 

Br, g 30.9 245.4 37.36 0.46 -1.3 298 - 2000 

I, g 62.2 260.2 37.25 0.78 -0.05 298 - 2000 

S, g 128.6 228.2 35.06 2.58 -0.29 298 - 2000 

So, g 136.7 243.6 44.6 -2.66 -0.25 298 - 2000 

To, g 160.4 262.2 34.64 6.62 -0.03 298 - 2000 

13 



TA BLE 2 

React ions a.ep = 6 ,a +6,b· 1 O" T +.6.,c-1 0&-1'"2 

Jimol.k 

1I,a 1I,b 1I,c 

l nS(s) + I,(g)"" l nl, (g) + y, S,(g) -10.81 -4.76 0.365 

l nS(s) + Br,(g)"" ZnBr,(g) + v,S,(g) -10.92 -4.44 1.61 5 

l nS(s) + CI,(g)"" ZnCI,(g) +y, S,(g) -6.62 -5.06 -0.335 

CdS(s) + I,(g)"" Cdl,(g) + v, S,(g) 1.95 -13.3 -0.595 

CdS(s) + Br,(g)"" CdBr,(g) + y, S,(g) 1.0 I -12.98 0.695 

CdS(s) + CI,(g)"" CdCI,(g) +11, S,(g) -0.34 -13.6 -0.335 

l nSe(s) + I,(g)"" Znl,(g) + v,Se,(g) -6.96 -7.88 -0.075 

l nSe(s) + Br,(g)"" ZnBr,(g) + v,Se,(g) -9.07 -7 .5 1.175 

l nSe(s) + CI,(g)"" ZnCI,(g) +v,Se,(g) -2.17 -11.74 -0315 

CdSe(s) + I,(g) "" Cdl,(g) + v,Se,(g) 4.46 -11.44 -0 .5 75 

CdSe(s) + Br,(g)"" CdBr,(g) +y,Se,(g) 3.54 - 11.1 2 -0.285 

CdSe(s) + CI,(g)"" CdCI,(g) +v,Se,(g) 2.17 -II. 74 ·0 .3 15 

ZnTe(s) + I, (g)"" Znl,(g) + y, Te,(g) -5.87 -16.21 0.035 

ZnTe(s) + Br,(g)"" ZnBr,(g) + y,Te,(g) -5.98 -15.89 1.285 

l nTe(s) + CI,(g)"" ZnCI,(g) +11, Te,(g) -1.68 -16.5 1 -0.175 

CdTe(s) + I,(g)"" Cdl,(g) + v, Te,(S) 
-6.21 -1 6.47 0.275 

CdTe(s) + Br,(s)"" CdBr,(s) + y,Te,(g) 
-7.15 -16.15 2.565 

CdTe(s) + CI,(g)"" CdCI,(g) + v,Te,(g) 
-8.5 -16.77 0.535 

14 



One can calculate the partial pressure of ti,e et II I·d (X) C I ... .• m a 13 I C lrolll t 1C eq Ullibnum constant. 10 

do so one has to solve the following cubic equation: 

3. 11 

The partial pressure differences were calculated on the assumption of diatomic sulfur. seleniuTll 

and te llurium gases (for each reaction given in table 3) rlOl 

H:llogcn concentration: all calculations were pcrfomlcd by varying halogen conccntnuion from 

3 x 10" to I X 10-6 mollc.e for each reaction given in table 3. 

The program calculates fo r each pai r of T, and '1'2 between 300 - 13000K in sleps of 2.SoK and 

Ihe corresponding .6.p. The values of 6p were drawn in difTcrcnt colors. The ad vantage of thi s 

is that one can easily select the probable ranges in relati vely short time. 

Line drive rs : Another program was ronnulated to draw the line or .6. p that show the minimum 

and maximum value of the difference or the partial pressure ranges, and then by add itional 

program all the colors were removed. 

The printout: The graphical resuhs printed out in each case or cadmium - chalcogenide was 

taken and overlapped with zinc- chalcogenide or thosc having the same concentration or halogen 

ror determination of single 1'1 versus Td sets ror working condilion. 

15 



3.1.2 Selection of T, and T d sets 

For the simultaneous chemical transport reaction of z.inc- and cadmium- chaicogcnidcs, the 

point, in most cases at which the 6.P value 5 x 10.2 a Im . and 102 atm. li nes intersected wcre 

selected, using this intersection point the source and deposit temperatures were determined in 

each case. At the intersection point the transport rales for both metal chalcogcnidc is 

approximately the same, and as a result the required I: I stoichiometric ratio will be obta ined. 

Some of the calculated results arc given in Table 3. 

TABLE 3. Ts and 'I'd sets for different iodine concentration of simultaneous transport reaction 

a) For ZnS and CdS 

[1,1 T, T, 61' 61' T. 1', 6'1' 61' 

mol/em) (OK) ('K) (OK) atm. ('K) (OK) (OK) aim. 

6x 10-6 1020 988 32 5 x 10-2 - - - -

4 X 10.6 1037 962 75 5 x 10" - - - -

3 x 10-6 1044 950 94 5 x 10" - - - -

2 X 10-' 1050 925 125 5 x 10" 970 940 30 1 0" 

1 X 10.6 - - - - 960 900 60 10-' 

16 



b)For ZnTe and CdTc 

[1,1 T,{"K) Td ("K) <H ("K) 6 P atm. 
mol/em) 

2.5 x IO·s 506 500 6 5x 10·' 

6 X JO-6 538 506 32 5x 10.2 

5 X 10-6 538 494 44 5x 10-2 

4 X 10-6 540 490 50 5x 10·' 

J X 10-6 550 488 62 5x 10-2 

2 X 10-6 560 450 110 5x 10·' 

c)For ZnSe and CdSc 

[1,1 T, Td I1T .6. P atm. T, Td I1T 11 1' 

mollem 
3 ("K ) ("K) (OK) (OK) ("K) ("K) ai m 

I x 10-5 91 2 881 31 5 x 10.2 - - - -
9 x 10 -6 900 863 37 5 x 10·' - - - -

2 X 10-6 915 800 85 5 x 10.2 850 825 25 10·' 

1 x 10-6 - - - 5 X 10·' 881 831 50 10·' 

3.1.3 Choice of the transporting agent 

It was observed from the calculations, as the concentration of iodine for the lranspon reaction 

was increased, the T. value was decreased and vice versa (see Table 3). Iod ine is a bcner 

transporting agent than bromine and chlorine, while chlorine is the least. Generall y seen bromine 

and chlorine cannot be used as transporting agent in simultaneous CTR of cadmium and zinc 

cha\cogcnide for the following reasons: 
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i) combinat ions ofTs and Td where eTR is in relation 1: 1 is possible were found onl y below 

400 oK 

ii) thi s combination at low chlorine and bromine concentrations 

iii) the pressure difference (.6.P) between source and deposit parts of the ampoule were very low 

Therefore, we restricted the synthesis of ternary cadmium zinc chalcogenide crysta ls only by 

using iodine. The source and deposit temperature condi tions for working determined frolll the 

graphical overlap of binary cadmium and zinc chalcogenide to conducl lhe experiment is given 

in Table 4. 

TABLE 4 

Sub. T, T, £\T [1,1 6 p atm 

( oK) ('K) (OK) mol/c.c 

ZnS +CdS 1050 925 125 2 x 10· 5x 10·' 

ZnSc + CdSe 915 800 85 2 x 10.6 5x 10·' 

ZnTe + CdTe 560 450 11 0 2 x 10·' 5 x 10·' 
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3.2 Experimental part 

3.2.1 Preparation of QU3rtL tube 

The ampoule used in our experiments is made of quartz glass, cylindrical in shape with an inner 

di ameter (I D) of 14 mm and an outer diameter (OD) of 17mm. The quartz ampoule was designed 

to the reactor by using oxy· acetylene name with required length. llle prepared ampoul e was 

washed with nitric acid solution and di stilled water several times then dried before the sample 

is introduced. 

3.2.2 Preparation of cadmium and zinc chalcogcnide binary powders 

The synthesis o f metal chalcogenides are possible in the range o f 500 • 9000C 16 ). r or the 

preparation of powders of ZnSe, ZnTe, CdS, CdSe, and CdTe powders of commerciall y 

ava ilable Zn, Se, S, Te and a metal strip of Cd were taken. The cadmium metal stri p was 

grounded into fine powders. 

3.2.2. 1 Preparation of ZnSe and CdSe powder 

I g o f Zn with 1.2079g Se and I g of Cd with O.7025g Se in an atomic ratio of I : I. werc 

introduced in separates ampoulcs of 10 cm length . The ampoules were evacuated and nushed 

with nitrogen three times following evacuation Consequentl y. At the end, they were evacuated 

for about an hour and then scaled. The scaled ampoules were placed in the muffi e furnace. The 
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temperature was slowly increased from room le mpcralU- 10 S()() 'C· 12 h d . . d ... III rs an mmntalnc at 

tbi s temperature fo r about 24 hrs. This slow heal ing is necessary to avoid any possibility of an 

explosion due to the strongly exothennic reaction between the clements P3], After 24 hr heating 

they were cooled to room temperature. The substances were properly mi xed and then placed in 

the furnace. The temperature was slowly increased to 6000e in 2hrs lime and mainwincd for 

about 6 hrs at this temperature. Finall y, the power was turned off and the ampoules were 

removed from the muffl e furnace. 

3.2.2.2 Prepa ration of ZnTe, CdTe and CdS powder 

The type and size or the ampoules used were similar with those ofZn c and Cd c synthesis. In 

this case 0.512g Zn with Ig Te, 0.88 1g Cd with Ig Tc and Ig Cd with 0.2853g S were 

introduced in three different ampoules respectively. llle ampoules were evacuated and sc"ll ed 

with the same procedure as that of ZnSc and CdSc. The three ampoules were plnced in the 

Illu m e fu rnace at room temperature, and the temperature was increased slowly to 600°C in 5 

hrs and kept at thi s temperature for about 26 hrs and then cooled to room temperature. The 

ampoules were taken from the furnace and the powders were mixed properly and then placed 

in the furnace in between 660 - 7000C fo r 24hrs. Finally, they were cooled to room temperature. 
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3.2.3 Construction of transport furnace 

The parts of our furnace are the heatlOng nlet I ° ° a Wife suppon, metal Wife wound on the suppon . 

heal- insulating paste fixing the metal wi re, heal- insulating silicate fibers, melal jacket. closing 

metal plates and lids of the furnace tube. The metal wire whi ch is the healing material is also 

called Kanthal wire. 

The constnicLion was done first by clean ing the cylindrical furnace tube in order to remove any 

impurities that may contaminate wire and the heal insulating pastes. 

The furnace tube is 50 em long with 2 el11 ID and 2.4 em 00. 111c wire was coiled up uni fonnl y 

at two separate positions of the cyl indrical furnace tube with a separation of I em Sp..1CC from 

each other at the center. The gap between each coiled wire is nearly 1.501m. The wire was 

wound on a total of 26cm length, which mcans on 13ctll from both sidcs. 

Aftcr the winding of wire was complcted, it was washed wi th distilled water three limes properly 

and was allowed to dry. Then it was fo llowed by cemcnting witb heal-insulat ing paste almost 

on 30cm parts leaving iOcm from of thc ends and wc let to dryi ng for one week by exposing \0 

ai r at a room temp. 

After dry ing, it was wrapped with cotton like silicatc fibers and placed in a mctal jackel . Finally. 

these silicate fibers were closed using metal plates. 

This furnace is different from the previously prepared one 125]. which was onl y designed to 

prepare binary single crystals. The wire winding is at twO separate positions. Each wire winding 

(a and b of Fig. 3)is connected (Q each transformer as a rcsult, almost. accurate regulation of the 

source and deposit temperature is possiblc. If onc makcs use of onc transformer. in the 

preparation oftemary crysta ls, the tcmperature is not controlled properly and the ex pected I: 1 
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stoichiometric ratio is impossible The f . parts a a constructed furnace is given in Fig.3. 

Silicate fibre K a nrha l wire 
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n '----.!---.:::r
b 

ITIlffi' 'in" "m" 'or" &;;i-' 

\~""" """'~""""'~ ll-J+IM a 
y 

Furnace tube 
M e tal jac ket 

Fig. 3. Transport furnace 

3.2.4 Measurement and Regulation ofTcmpcraturc 

Temperature is most conveniently measured with thermocouples made of two different metals 

or alloys. They occupy less space, have small heal capacities, follow changes of the temperature 

quite rapidly [34].1n our case the furnace was regulated by type N thcrnlocouple (Nickel-

Chromium _ Si licon alloy vs Nickel- Silicon - Magnesium alloy) which is connccted to a digital 

voltmeter constructed for this purpose. The type thermocouple temperature value and voltage 

OUt'put were taken from [35]. Since the thcOlloclectric power of a thennocouple may detcriorate 

during it is use due to oxidation, surface reaction and impurity contaminat ion that Illay diffuse 

from the furnace tube [17] , it was calibrated before use a1 OOC lIsing icc and at boiling points of 
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water. Further adjustments were made to c 1 h d' orre ate t c rca inS on the voltmeter with the \'uluc 

in the table at different temperature. 

3.2.5 The transport experiment 

3.2.5.1 Ex perimenta' procedure 

Quartz ampoules of about 10 . 11 em long were made to carry out syn thesis of tcmary single 

crystals of cadmium zinc chlcogenidcs. The cleaning and evacuation of the ampoules arc the 

same as fo r the binary powder preparation. However, during scaling time the pan ora quartz 

ampoule loaded with mixed powders of iodine, cadmium chalcogcnidc and zinc chalcogcnidc 

were inserted in a tube containing ice mixed with common salt. This prevents evaporation of our 

starting materials. 

Before the ampoul es were placed in the proper growth temperature range, the deposit zone was 

heated at a higher temperature to get a back transport. Such heat treatment is important main ly 

fo r cleaning the nucleation area by removing any volati le impurities. 

At the end of transporting time the deposition zone must be kept at high temperature to prevent 

deposition of any volatile impurities and transport agent on the crystal surface. Moreover. the 

I t be 001 d to room temperature before removing the ampoule from the fumace 
emperature mus c e 

in order to prevent risk of an ampoule explosion [\ 6). 
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3.2.5.2 Synthesis of Cadmium Zinc Sulfide Crystal 

0.1 g ofZnS (commercial ly available chemical), 0.1483g oredS and 4mg iodine were introduced 

into cleaned and properly designed quartz ampoule of final lcnglh 10.5 em of the same type of 

quartz ampoule used previously. The ampoule was evacuated, nushed wi th nitrogen gas 

consequent ly after evacuation three times and scaled by the S.11llC procedure given under 3.2.5. 1. 

The sealed ampoule was slowly inserted in the Fumace wi th end containing the started materials 

at low temp. By slowly increasing the tap position on the transfonncr on both sides, the mUlcriu\ 

was subjected to SOOOC while the other end was at 70CfC for about 12 Ius. Aficr thi s lime the 

direction of temp. gradient was changed slowly and the source material was subjected to 775°C 

whi le the deposit end at 652°C for a transporting lime of 56 hrs. 

3.2.5.3 Synthesis of cadmium zinc selenide crystal 

Following the above experimental proccdure, 0. 1 g ZnSe, 0.1326g CdSe and 4mg of iod inc (2 

x 10..(, molle.c) were introduced into a cleaned Dlllpoule. The ampoule was evacllilted and flushed 

with nitrogen fo llowed by evacuation consequently three times, and scaled as stated above. 

The sealed ampoule was first placed in twO zone Furnace horizontally. The heating started with 

. h' her than the powder to perForm a thermal cleaning of the 
the deposit part at a temperature Ig 

.. I ·· the lap position on both transfonners until the tcmperature 
nucleation Site. By slow y IIlcreasmg 

. ' . d 50a'C at the sollfce. This temperature was maintained 
reading is 640°C at the deposit site an 

. se deposition temperature (T J was slowly decreased 
fo r abollt IOhr. Then for transporting purpo 
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to about 52'PC and the source temperature (Ts) was increased to about &f2 C. After 42 hrs 

transporting time, a reverse temperature gradient healing was done fo r about 6 hrs and slowly 

cooled to room temperature. Finally, the ampoule was removed from the furnace. 

3.2.5.4 Synthesis of Cadmium Zinc Telluride Crys tal 

0 .1 g ZnTe, 0 .1244g CdTe and 4.3mg of iodine were introduced in a cl eemed and dried I I cm 

q uartz ampoule. The ampoule was evacuated and scaled by the same procedure given unde r 

3.2.5. 1, and placed at the center of the two zone furnace. Heating started in a reverse direction 

keeping the powder portion at lower temperature of about 3000C and the deposit part m 500°C 

for 10hr. Then the deposition zone temperature was decreased to 171'C slowly keeping the 

source zone at 28'PC. This temperature was maintained for about 40 hrs. 
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4. C ha racterization of the product by atoml'c abso t' (A S) rp Ion spectroscopy A 

4.1 Use and principle of AAS 

AAS is used primari ly for quantitative elemental analysis of metals. It docs not differentiate 

between a metal as a free atom, an aqueous metal ion, or a metal ion or atom in a compound. It 

instead measures how much of the element present regardless of the form or forms in which it 

is found in the sample [36, 37]. 

In AAS a fl ame is used to break compounds apart into their individual free atoms before 

absorbing electromagnetic radiation (l ight beam) by evaporating the solvent. 'nlC beam of light 

has the same frequency that the excited atoms would themselves emit. These free atoms absorb 

energy from the li ght beam and excited then the beam leaves the high· temp. region with a 

reduced intensity. This is the basis of AAS for quantitative analysis. The more atoms present of 

the type that can absorb the light radiation, the lower will be the intensity of the transmitted 

ligh t. The absorbance of radiation is related to the concentration by Beer's law [38J, equat ion 

4 .1 be low. 

4.1 

Where E = absorption coefficient 

b = path length and 

c = concentration of the solution 
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4.2 Standard calibration curve 

Cali bration curves are detennined experimentally by preparing a series of standard solutions. 

each wi th a known concentration of the absorbing solut ions. The absorbance of unknown 

concentration of the same type of element in the sample wi ll be measured. 111C concentration is 

determined from the calibration curve. However. in OUf case, all calculations and preparation 

of a series of standard solution were perfo rmed by a computer attached to AAS. 

For analysis ared and Zn, 3 ppm Cd and 1.5 ppm Zn standard solutions were prepared. AAS 

has high sensitivity detection limit at and below 3 ppm Cd and 1.5 ppm Zn concentrations. 

Calibrat ion curves for both were prepared by computer through di lution of standard solution. 

4.3 T he quali ty of data 

All analytical results are subject to error, for a variety of reasons. For analytical data to be 

meaningful , it is essentiall y that the error involved in the procedure be measurable. The most 

commonly used method of presenting the qual ity (reliabi lity) of results is in terms of standard 

deviation (5). The probability of a measurement lying within a range of approximately ±26 and 

±36 of the mean value would be 95% and 99.7% [39], respecti vely. 
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4.4 Determination of composition by AAS 

To determine Zn and Cd content in our synthesized homogenized binary powder and ternary 

crystals afzine- and cadmium- chalcogenide, a small sample was taken from each synthesized 

product and weighed, placed in cleaned and dried 25m! flask, dissolved in concentrated nilric 

acid then diluted to the volume. 

When the surface of ternary crystals of zinc cadmium sulfide was observed, it had shown IWO 

different colors, red- bro"m at the outer (on very small parts) of red- orange surfaces at the inner 

deposit surface. Therefore, the sample was taken from both for analysis. The results arc given 

in Table 5 with 99.7% confidence interval. The theoretically expected values arc al so given in 

the same Table, a and b denote sample taken from outer and inner parts of zinc cadmiulll sulfide 

crystal respectively. 
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TABLE 5. AAS analysis results for synthesized ternary crystals 

Compoud AAS analysis of Zn and Cd in Theoretical Mole ralio Total 

(sample the sample in mg/L expected Zn and frol11 AAS mass 

type) Cd in the sample analysis. taken 

in mglL In Illg 

for 

Zn Cd Zn Cd Cd :Zn analy. 

Cd.~Z l.~sa 1.565 ± 0.001 1.954 ± 0.002 2.162 3.717 0.73: 1.0 0.2 

Cd"Z I."Sb 17.809 ± 0.003 30.086 ± 0.004 18.375 31.598 0.98 : 1.00 1.7 

Cd"Z I.~Se 14.726 ± 0.004 28.156 ± 0.007 14.799 25.449 1.0 : 0.9 1.9 

Where Os: x s: 1 

II 
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S. RESULTS AND DISCUSSIO 

5.1 Theoretical results 

The main purpose of the theoretical part is to find a combination ofT. and Td at which a e TR 

with 1: I atomic ratio of Zn and Cd is possible using halogen as transporting agent. From the 

theoretical calculation bromine and chlorine cannot be used for simul taneolls e TR of z.inc- and 

cadmium- chalcogenide for the reasons explained earlier. 

For ZnS and CdS simultaneous transport wilh 12 is possible al source temperature of 77SoC and 

at deposit temperature of 652°C. 

For l nSe and edSe simultaneous transport wilh 12is possible at source temperature of 642° and 

at depos it temperature of 52'PC. 

For l nTe and CdTe simultaneous transport with 12 is possible at source temperature of 281' 

and at deposit temperature of 17PC. . 

5.2 Transport experiment 

The theoretical results were verified by experimental using the source and deposit tcmp. 

thcoretically determined. By simultaneous chemical transport of cadmium-
and zinc- sclcnidc 

d 
d with the growth rate of 5.2 mglhr. In the case of zinc- and 

a dark-grey crystal was pro uce 

cadm ium- sulfide 
tal in the inner part of the deposition and a red brown 

a red - orange erys 

f h 
d position was obtained with the growth rate of 4.3 mg/hr. 

colored crystal at the outer part 0 t ee 
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In the synthesis of cadmium- and zinc- telluride ternary crystals, no transport was occurred at 

the calculated conditions. The chemical transport reaction at thi s low temperature is hindered 

mainly for kinetic reasons. Due to low temperature: 

i) the react ion of ZnTe with iodine at the surface of the source material is hindered. 

ii) the diffusion of the gases is too low. 

The experimental conditions and results are summarized in Table 6, while the temp. profil e of 

the furnace employed for the transport experiments is given in Fig 4. 
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TABLE 6 

Sub weighl weight of [Iodine) ,,'" Temp. Tran. Trnnspon rate 

of source product (rnglcm' ) vol.(cm) gradient (oK) Time (mglhr) 

(e) g) (hrs) 

A 0.2483 0 .2429 0.254 16.17 1048·925 16 ' ,J 

B 0.2326 0 .2176 0.254 16.17 915-800 ., 
" 

C 0.2244 0 0.254 16.94 560 - 450 40 0 

(where A= ZnS + CdS, B = ZnSe + e dSe, and C = ZnTe + CdTc ternary crystals) 

5.3 Determination of composition 

To dclennine the composition of synthesized ternary crystals by AAS small sample was taken 

from each and was dissolved in concentrated acids as follows. The ternary zinc c:'ldmiulll 

selcnides and sulfides did not dissolved in concentrated nitric acid even after gentle heat ing, but 

in the presence of a drop of can. Hel and gentle heating while shacking. they disso lved 

completely. The ir solutions were taken for analysis by AAS. The measurements were done in 

triplicates to get accurate results and the average value was taken. The probable deviation of the 

result found by AAS from the true value in the samples were also given by ±36 which is in the 

confidence interval of97.7%. As one can see from Table 5, the deviation observed is very small . 

The chemical composition of each sample was detennincd based upon the AAS results and the 

fo llowing chemical formulas Cdo.~2ZIlo. s8S·, Cdo4~1lo.»,Sb , and Cdo nZI1047Se were calculated. 

As it can be seen from the chemical formulas, the outer part of cadmium zinc sulfide is rich in 

zinc while the bottom one is almost with the required atomic ratios of Zn and Cd. which is thc 

samc as the theoreticaJly expected product. From this we can conclude that the material 
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transported in the first hours has exactly the stoichiometric composition as expected. At the end 

of the transport experiment, perhaps the CdS was fini shed and results in a change of 

stoichiometry. 

Another possibility is that the long time Constance of the temperature profi le of the furnace is 

not as good as expected. 

The cadmium zinc selenide crystal is only a few more rich in cadmium than zinc as one can sec 

frolll the chemical formula. This very good agreement with the expected results has difTerent 

reasons: 

i) the transport was performed in a temperature range which is quile easy to handle wi th our 

equipment 

ii ) the transport rate is high cnough to gCI a result in qui Ie short time, which minimizes the 

in fluence of the temperature fluctuation of the furnace. 

The deviation or stoichiometric ratios of metals from 1: I in the ease of CdZnSb is lower than Ihat 

of CdZnSe. Generally observed, both synthesized crystals or zi nc cadmium sulfide and zinc 

cadmium selenide are in good agreement with theoretica lly determined one, in spite of Illany 

d ifficu lt and influencing factors that hinder CTR. 
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6. CONCLUS IO 

Thennodynamic calculations can give a useful information in selecting favorable transporting 

agents and also to determine the source and deposit temperatures at which the synthesis of I: I 

atomic ratio of Zn: Cd ternary single crystal is possible. 

By thermodynamic calculation it was found that a simultaneous chcmicailransporl ofZnS and 

CdS is possible at source temperature of 775°C and ot deposit temperature of 652°C with 12, 

For ZnSe and CdSe simultaneous transport with I} is possible at SOUfce temperature of 642°C 

and at deposit temperature of 52'flC. 

For ZoTe and CdTe no simultaneous transport with 12 is possible. 

For experimental realization a two-zone furnace was used and ternary single cryslals we re 

synthesized. The synthesized crystals were analyzed by AAS. The results found were in good 

ag reement for both cadmium zinc sulfide and cadmium zinc sc lenide. This new method of 

computer program had some success in intepreting a simultaneous CTR of two bi nary 

compounds. 
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