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Equilibrium thermodynamics of 
nonstoichiometry in ZnO and aluminium 
doping of ZnO using aluminium chloride 

A. PAUL  t, H. N. A C H A R Y A  
Indian Institute of Technology, Kharagpur 721 302, India 

A critical assessment of nonstoichiometry that can occur in zinc oxide at various temperatures 
and oxygen pressures has been made using the concepts of equilibrium thermodynamics. The 
feasibility of producing transparent conducting films of aluminium-doped zinc oxide by spray 
pyrolysis of organo-zinc salt solution containing aluminium chloride is also discussed. 

1 .  I n t r o d u c t i o n  
The use of ZnO in modern technology ranges from 
varistors [1], mixed oxide ferrites (typical nickel-zinc 
ferrite) [2], pigments, activators for vulcanization of 
rubber [3], spinels with A1203 such as gahnite ZnO 
AlzO3, which has interesting refractory properties 
[4-7]. When combined with 10-15% TiOz, ZnO 
yields a product of moderately high electrical conduct- 
ivity with the ability to absorb radio frequency (micro- 
wave) power [8, 9]. The piezoelectric properties of 
ZnO are of considerable interest because, compared to 
quartz, the electrochemical coupling in ZnO is large 
[10]. In photovoltaics and other optoelectronic appli- 
cations, thin coatings with high transmissivity and low 
sheet resistance are necessary. For amorphous silicon 
solar cells, indium tin oxide (ITO) films and tin oxide 
(SnO2) films are frequently used as transparent elec- 
trodes. Transparent semiconducting ZnO films may 
be a promising alternative to these materials [11, 12]. 
These films can also profitably be used in electron 
photography (electronic faxing) due to its desirable 
photoconductivity [13, 14]. 
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The influence of impurities and deviation from stoi- 
chiometry strongly affects the properties of ZnO in 
bulk (single crystal/polycrystal) as well as in thin films. 
For example in an n-type semiconductor, oxygen 
deficiency leads to a marked increase in electrical 
conductivity, whereas p-type characteristics can be 
achieved with very high oxygen pressure on ZnO 
[15 18]. A typical example of impurity doping on the 
electrical conductivity of ZnO is shown in Fig. 1 as a 
function of temperature. 

The non-stoichiometry of compounds in the Zn-O 
system will depend on the temperature and the fuga- 
city of oxygen during synthesis. In the present paper, a 
critical assessment of non-stoichiometry that can oc- 
cur in ZnO at various temperatures and oxygen pres- 
sures is presented using the concepts of equilibrium 
thermodynamics. Recently, attempts have been made 
to produce transparent conducting films of alumi- 
nium-doped ZnO by spray pyrolysis of organozinc 
solutions containing aluminium salt. Results of typical 
thermal and other analyses of this system will also be 
presented. 
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Figure 1 Electrical conductivity of pure and doped zinc oxide. (a) Typical single crystal of zinc oxide (pure, intrinsic); (b) Typical indium- 
doped single crystals of zinc oxide [15]. 
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2. Exper imenta l  procedures 
To prepare zinc acetate crystal, 2.0 g of extra pure 
ZnO (impurity content less than 2 p.p.m.) was dis- 
solved in a mixture of 20 ml glacial acetic acid and 
10 ml deionized water. The clear solution was evapor- 
ated on a hot plate (set at 90 ~ until the volume was 
reduced to two thirds. The solution was air-c0oled to 
room temperature (28 _ 2 ~ and allowed to crystal- 
lize for 24 h. The needle-shaped crystals were filtered, 
repeatedly washed with dry ethyl alcohol, and kept in 
a vacuum desiccator for 2 h. Part of the dried crystal 
was finely powdered in an agate mortar and used for 
thermal analysis with the Stanton Redcroft, UK, STA 
781 system. During thermal analysis, the constant 
heating rate was maintained at 10~ -~ and a 
steady stream of dry air was allowed to flow through 
the cell. The rest of the crystal was used for X-ray and 
other analyses. 

2.0 g of ZnO was also dissolved in a mixture of 
20 ml glacial acetic acid, 10 ml deionized water and 
0.2 ml of concentrated HC1 (~  12 N). In this case, the 
solution was evaporated to dryness over a hot plate 
(set at 90 ~ and then further dried tbr 4 h in a 
vacuum desiccator. The residue was sticky even after 
drying, probably due to the non-crystallinity and 
hygroscopic nature of the ZnC12 portion. This powder 
was also analysed thermally and with X-ray diffrac- 
tion (XRD) and i.r. spectroscopy ORS). 

3. Results and discussion 
3.1. Equ i l ib r ium t h e r m o d y n a m i c s  of the 

Z n - O - C I  and A I -C I  sys tems 
The standard Gibbs free energies of the reactions 

-20 

and 

Zn (solid, gas) + �89 z (gas) ~ ZnO (solid) (1) 

Zn (solid, liquid, gas) + C12 (gas) ~- ZnC12 

(solid, liquid, gas) (2) 

were calculated from available thermochemical data 
(given in Table I) and are plotted in Fig. 2 as a func- 
tion of temperature. As expected, the free energy plots 
change slopes at different phase transition temper- 
atures, i.e. 591 K (rap of ZnC12), 692.5 K (mp of Zn), 
1005 K (bp of ZnCI2) and 1180 K (bp of Zn) under one 
atmospheric pressure. The free energy of formation of 
ZnClz at all stages is more negative than that of ZnO; 
the difference between these two free energies reaches 
the minimum around 1005 K (about 1000 calmol-~, 
corresponding to an equilibrium constant ~ 247). 
Thus in the presence of chloride in a solution of zinc 
acetate, as used for spray pyrolysis, zinc chloride will 
be formed in preference to zinc oxide. 

TAB  LE I Standard Gibbs free energies of formation of ZnO and 
ZnCI 2 (in calories) 

Zn (solid) + �89 2 (gas) ~ ZnO (solid) (i) 
Zn (gas) + �89 02  (gas) ~ ZnO (solid) (1 a) 
Zn (solid) + C1 e (gas) ~-  ZnC1 z (solid) (2) 
Zn (solid, liquid) + C12 (gas) ~.~ ZnC12 (liquid) (2a) 
Zn (gas) + C12 (gas) ~-  ZnC12 (gas) (2b) 

AG~ = - - 8 4 1 0 0 - 6 . 9 T l o g T + 4 4 A 4 T  
AG~a = - 1 1 5 4 2 0 - 1 0 . 3 5 T l o g T + 8 2 . 3 8 T  
AG~ = - 101 385 - 12.85Tlog T +  75.45T 
AG~a = - 9 3 9 5 0 + 2 7 . 3 5 T  
AG~b = - 93 8 0 0 -  9.44Tlog T +  38.6T 

(298-693 K) 
(1170-2000 K) 

(298-586 K) 
(586-1005 K) 

(1180-1800 K) 
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Figure 2 Standard Gibbs free energy of (a) Zn (s, g) + �89 z (g) ~.~ ZnO (s); (b) z n  (s, 1, g) + CI 2 (g) ~ ZnC12 (s, 1, g). 
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Figure 3 Standard Gibbs free energy of (a) Zn (s, g) + �89 (g) ~ ZnO (s); (b) H2 (g) + �89 (g) -~- HzO (g); (c) ZnO (s) + H 2 (g) .~- Zn (s, g) 
+ H 2 0  (g). 

Fig. 3 shows the standard Gibbs free energies of 
reaction 1 and of the following reactions: 

H2 (gas) + �89 (gas) ~- H 2 0  (gas) (3) 

ZnO (solid) + H 2 (gas) ~- Zn (solid, gas) 

+ H 2 0  (gas) (4) 

The relevant thermochemical data are given in 
Table II. It may be seen from Fig. 3 that reduction of 
ZnO to metallic Zn by pure hydrogen at one atmo- 
spheric pressure is possible only above 1560 K (corres- 
ponding to pO 2 = 1,626 x 10 - t l  atmosphere); below 
this temperature ZnO (solid) is more stable (less free 
energy) than H 2 0  (gas). 

The melting point of ZnO is 2243 K, and it decom- 
poses before boiling. The vapour pressure of ZnO at 
its melting point is very low. Unlike ZnO, the melting 
point of ZnC12 is fairly low (591 K), and the vapour 
pressure of  molten zinc chloride increases almost ex- 
ponentially with increasing temperature (Fig. 4). It 
may be noted that zinc chloride vaporizes as mono- 
meric ZnC12 and dimeric Zn2C14 species; however, the 

1718 

T A B L E  II  Standard Gibbs free energies of the reactions (in 
calories) 

Zn (solid) + �89  2 (gas) ~ ZnO (solid) (1) 
Zn (gas) + �89  2 (gas) ~,~ ZnO (solid) (la) 
H 2 (gas) + �89 (gas) ~-  H : O  (gas) (3) 
ZnO (solid) + H z (gas) ~-  Zn (solid) 

+ H 2 0  (gas) (4) 
ZnO (solid) + H 2 (gas) ~-  Zn (gas) 

+ H 2 0  ) (gas) (4a) 

AG~ = - 84100 - 6.9Tlog T + 44.14T (298-693 K) 
AG],  = - 1 1 5 4 2 0 -  10 .35TlogT+ 82.38T (1170-2000K) 
AG~ = - 58900 + 13.1T (298-2500 K) 
AG~, = 25 200 + 6,9Tlog T -  31.04T (298-693 K) 
A G ~  = 56 520 + 10.35Tlog T - 69.28T (1170-2000 K) 

vapour pressure of the dimeric species is much smaller 
relative to that of the monomeric species. 

Fig. 5 shows the standard Gibbs free energy of 
formation of ZnC12 (solid, liquid, gas) and A1C13 (gas) 
and AIzCI 6 (gas). The relevant thermochemical data 
are given in Table IIL It is interesting to note that at 



150 

E 
E 

100 

5 

a_ 50 

-ZnC[ 2 

TotaL-- 

I 

300 500 1100 

/_,_____..~ Z n 2 C 1"4 

700 900 
Temperature (K) 

Figure 4 Equilibrium vapour pressure ofZnCl  2 at different temper- 
atures. 

all temperatures between 453 and 932 K (mp of A1), 
A1C13 (gas) is more stable than ZnCI2 (solid, liquid); 
and dimeric AI/CI 6(gas) is more stable even than 
A1C13 (gas). However, at temperatures above 1200 K, 
when zinc, chlorine and zinc chloride are all in the 
gaseous state, the standard Gibbs free energy of 
formation of ZnC1/(gas) is only slightly lower than 
that of A1CI3 (gas). Thermochemical data for AI2C16 
(gas), the stablest form of aluminium chloride, are not 
available; but from the trend of the results it is ex- 
pected that AlzC16(gas) will be more stable than 
ZnClz (gas) even above 1200 K. 

The melting point of Al is 932 K, and its vapour 
pressure, even in the molten state, is very low (boiling 
point at 2723 K). However, A1C13 and AlzC16 sub- 
limate under one atmospheric pressure, and their 

vapour pressures, particularly of A1/C16, are very high 
(Fig. 6). Thus attempts to make aluminium-doped 
ZnO film by spray pyrolysis of solutions containing 
chloride, particularly if aluminium is added to the 
solution as aluminium chloride, do not seem to be 
promising. This is particularly because the rate of 
hydrolysis of aluminium chloride in aqueous solution 
at room temperature is very slow [19]. 

3 . 2 .  T h e r m a l  a n a l y s i s  

Fig. 7 shows the differential thermal analysis (DTA) 
and thermogravimetric (TG) curves of zinc acetate, 
which crystallizes as Zn(CH3COO)z- H20 from aque- 
ous solution at room temperature. On heating, the 
water of crystallization is lost around 100 ~ this is 
indicated on the DTA curve as a symmetrical endo- 
thermic peak and about 16% weight loss on the TG 
curve. This is followed by a sharp endothermic peak 
around 240 ~ probably due to melting of anhydrous 
zinc acetate. Another possible reason for this endo- 
thermic peak around 240~ may be the pyrolytic 
decomposition of zinc acetate to zinc oxide and acetic 
anhydride, followed by loss of acetic anhydride (bp 
140 ~ Since the DTA peak at 240 ~ is also accom- 
panied by a weight loss of 54%, as indicated on the 
TG curve, the second alternative seems to be more 
probable. The broad exothermic DTA peak around 
320~ which involves no change in weight of the 
sample, may be due to some sluggish structural 
changes of ZnO. The usual crystal structure of zinc 
oxide is hexagonal close-packed of the wurtzite type 
with two significant characteristics: large extra ionic 
volume with relatively large voids (0.095 nm), and 
regular alternating layers of zinc and oxygen in the 
direction of the c axis [20, 21]. An alternative form of 
zinc oxide is a face-centred lattice corresponding to 
the zinc blend type usually formed in thin films [22]. 
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Zn (solid) + C12 (gas) ~- ZnC12 (solid) (5) 
Zn (solid, liquid) + CI 2 (gas) ~ ZnCI 2 (liquid) (5a) 
Zn (gas) + CI 2 (gas) ~ ZnCI 2 (gas) (5b) 
2/3 A1 (solid) + C12 (gas)~ 2 AIC13 (gas) (6) 
2/3 AI (liquid) + C12 (gas) ~ 2A1C13 (gas) (6a) 
2/3 AI (solid) + C12 (gas) ~ �89 (gas) (7) 

AG~ = - 101 385 - -  12.85Tlog T + 75.45T 
AG~a = - 93950 + 27.35T 
AG~b = -93800-9A4TIogT+38 .6T  
AG~ = - 92 107 + 1.6533TlogT+ 3.1667T 
AG~a = - 93 600 + 1.6667Tlog T + 4.7T 
AG~ = - 101 467 + 1.65Tlog T + 1.41T 

(298-586 K) 
(586-1005 K) 

(1180-1800 K) 
(453-932 K) 
(932-1400 K) 
(453-932 K) 
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TABLE III  Standard Gibbs free energies of the reactions (in 
calories) 

Figure 6 Equilibrium vapour pressure of A1C13 and A12CI 6. 

F o r m a t i o n  of zinc ca rbona t e  as an in te rmedia te  
dur ing  pyrolysis ,  as is the case with bas ic  oxides of Ba, 
Sr etc. dur ing  pyrolys is  of their  meta l  salts of  car-  
boxi l ic  acids  [23] is no t  poss ible  because  Z n C O  3 
decomposes  at  low t empera tu re s  ( ~  300 ~ and  is 
me tas t ab le  even at  r o o m  tem.perature. The  s t a n d a r d  

G i b b s  free energy of  the reac t ion  

Z n C O  3 (solid) ~ Z n O  (solid) + C O  2 (gas) (5) 

has been ca lcu la ted  wi th  avai lable  the rmochemica l  

tlA 
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Figure 7 Thermogram of zinc acetate hydrate. 

da t a  (given in Table  IV), and  is shown p lo t ted  in 
Fig. 8. The equi l ib r ium t h e r m o d y n a m i c  p C O  2 of  reac- 
t ion 5 has been ca lcula ted  and  is shown in Fig. 9 as 
funct ion of tempera ture .  I t  m a y  be seen tha t  signifi- 
cant  p C O / ( , - ~  10 m m  Hg) develops  over  ZnCO3 at a 
t empera tu re  as low as 300 K (27 ~ A typical  the rmo-  
g ram of 'zinc ca rbona t e '  p repa red  in our  l a b o r a t o r y  is 
shown in Fig. 10. This  zinc ca rbona te  was p r o d u c e d  
by dissolving 2.00 g of pure  Z n O  in dilute ni t r ic  acid  
fol lowed by  add i t i on  of excess solid NaECO 3. The  
prec ip i ta te  was a l lowed to s tand  in the m o t h e r  l iquor  
for 24 h, fol lowed by  f i l t rat ion,  washing tho rough ly  
with deionized water  and  finally with d ry  ethyl  alco- 
hol. The  a lcoho l -washed  powder  was dr ied  in a 
vacuum des icca tor  for 4 h. F r o m  X-ray  analysis ,  the 
powder  was identif ied as bas ic  zinc ca rbona te :  

2 Z n C O  3 - 3 Z n ( O H ) 2 " H / O .  The t h e r m o g r a m  of 
Fig. 10 shows an endo the rmic  med ium height  peak  
a c c o m p a n i e d  by  single stage weight loss from r o o m  
t empera tu re  to 135 ~ (max imum of D T A  curve is at  
95 ~ this is due to the loss of one molecule  of wate r  
of  crysta l l izat ion.  This  is fol lowed by a large endo-  
thermic  peak  in the t empera tu re  range 135 to 240 ~ 
a c c o m p a n i e d  by a single-stage weight loss. This  is 
u n d o u b t e d l y  due to decompos i t i on  of Z n C O  3 and  
Zn(OH)2 to ZnO.  However ,  whether  these two de- 
compos i t ions  occur  independen t ly  and s imul tan-  
eously could  no t  be ascer ta ined  f rom the present  
study.  The  weight  of the sample  becomes  s teady and  
no  the rmal  changes  occur  on further  heat ing of  the 
sample  up to 700 ~ 

I t  is in teres t ing to note  tha t  the two stages of 
decompos i t i on  of bas ic  zinc carbonate ,  as men t ioned  

TABLE IV Standard Gibbs free energy of the reaction ZnCO 3 (solid) = ZnO (solid) + CO 2 (gas) and relevant thermochemical data 

H~98 r ZnC~ (solid) = - 194 200 cal mol- 1 S~98 
| ZnO (solid) = - 83 200 cal mol- 1 
L c ~  (gas) = - 94 050 cal tool- 1 

C~ rZnCO3(solid) = 9.30 + 33.0 x 10-3T 
[ZnO(solid) = 11.71 + 1.22 x 10-3T - 2.18 • 105 x T -2 
l_CO2 (gas) = 10.55 + 2.16 x 10-3T-  2.04 • 105 • T -2 

AG~.= -789.18-12.96TInT+80.3435T+ 14.81 x 10 3 x T 2 + 2 . 1 1  x 105 x T -1 

I 
ZnCO (solid) 
ZnO (solid) 
CO 2 (gas) 

= 19.7 calmo1-1 ~ -~ 
= 10.4 cal mol- 1 ~ 
= 51.1 calmo1-1 ~ -1 

1 7 2 0  



above, involve the following weight changes: 

H20 

2ZnCO3" 3Zn(OH)2 'H20  " 
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Figure 8 Standard Gibbs free energy 
ZnCO 3 (s) ~-  ZnO (s) + CO 2 (g). 
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Figure 9 Equilibrium partial pressure of CO2 over ZnCO3 (s) at 
different temperatures. 

and the actual weight changes that occur (as seen on 
the TG curve) are 3.5 and 28.0 wt %, respectively. The 
thermogram of zinc acetate containing zinc chloride is 
similar to that of zinc acetate hydrate, except that a 
sharp endothermic peak occurs on the DTA curve 
around 320 ~ due to melting of zinc chloride (rap of 
ZnCI 2 is 318 ~ 

4. C o n c l u s i o n s  
1. Zinc acetate pyrolyses to ZnO without any inter- 

mediate carbonate formation; the conversion becomes 
complete at 350 ~ 

2. ZnO cannot be reduced to metallic Zn even by 
pure hydrogen at one atmospheric pressure at temper- 
atures lower than 1287 ~ (1560 K). 

3. Zinc chloride is more stable than zinc oxide. 
Thus the presence of chlorine (chloride) during pyro- 
lysis will convert zinc oxide to zinc chloride; and a 
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Figure 10 Thermogram of basic zinc carbonate. 

significant amount of zinc will be lost through volati- 
lization as zinc chloride. 

4. Aluminium chloride (AIzC16) hydrolyses very 
slowly in aqueous solution. Since the sublimation 
temperature of AlzCl 6 is very low (~  160 ~ alumi- 
nium doping of ZnO using aluminium chloride in the 
spray solution is not expected to produce satisfactory 
results. 
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