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Zinc oxide (ZnO) films doped with group III elements (ZnO-III) and hydrogen that had been 

developed by Nang Tran and his colleague, Yu-Han Shing in 1983 while they were working at 

Atlantic Richfield Company (ARCO) has been increasingly used in many optoelectronic 

applications. One of them is the photovoltaic (PV) solar energy, a new millennium industry which 

has fast growing market, potential accessibility to the billions of people worldwide, and is 

environmentally sound as a “green” source of energy. This new type of oxide has many valuable 

attributes: indium –free therefore cheaper, non-toxic, zinc source abundance, stability against 

hydrogen, low process temperature, a good balance between conductivity and transmission. Since 

its introduction to the PV solar community, several laboratories have adapted and studied this 

new type of oxide as a front contact, back contract, buffer layer for their research and 

development of solar cells. In the case of thin film solar cells, most of the commercial modules of 

amorphous silicon, microcrystalline/ nanocrystalline silicon and copper indium gallium selenide 

have at least one layer of ZnO-III in the device structures.  

In this article, I’d like to walk you back to the road that led us to the invention of sputtered ZnO 

doped with group III elements anh hydrogen. Back in the early of 1980’s, our company (ARCO 

Solar) was in the business of producing thin film solar panels and we needed an alternative 

transparent conducting oxide which could perform better than indium tin oxide and tin oxide 

films. ZnO had been known to the scientific community and prepared using different techniques 

such as activated evaporation [1], spray pyrolysis [2], sputtering [3] and CVD [4].  The produced 

films had good transparency but  its bulk  resistivity was still not good enough, which had 

prevented it from being used as an effective transparent conducting oxide film.  

Under these circumstances, on March 14, 1983, Yu-Han Shing (my suvervisor at that 

time) and I got the assignment from our managers to find a way to improve performance of ZnO 

films. After several meetings and discussions, two weeks later, in April, we had come up with the 

idea of doping ZnO with group III elements and hydrogen. The optimum resistivity of hydrogen 

doped films was achieved by Nang Tran on May 18, 1983. Subsequent Ga, In, Al, In and B 

doping were performed in the month of August and September, 1983 also by Nang Tran. 

Hydrogen- doped ZnO films were produced at ambient temperatures, which is suitable to 

temperature sensitive materials, whereas ZnO doped with groups III elements were deposited at 

elevated temperatures. We were able to achieve ZnO films which had a low bulk resistivity in the 

range of 10-4  Ω-cm , low absorption therefore could be made thicker for a given transmittance. 

This oxide is an n-type material; its conductivity is caused by the substitution of Zn2+ ions with 

group ions for example Al3+ ions, releasing excess electrons into the conduction band. For the 

sake of simplicity, let’s call the oxide family having III elements ZnO -III., ZnO doped with 

aluminum AZO ; ZnO doped with boron BZO; whereas GZO is referred to as zinc oxide doped 

with gallium . The obtained ZnO-III is a high band gap material which is non-toxic, stable against 

chemically reactive hydrogen (like plasma environment) , less expensive , abundant in zinc 

source , low process temperature , has a low absorption coefficient , and high transmission , 

therefore can be made thick (2- 3 μm) for better conductivity; those are distinctive features that 

have not been readily realized with indium tin oxide (ITO) and fluorine -or sometimes doped with 

antimony- doped tin oxide (FTO), the two TCO’s that have dominated the optoelectronic industry 

in the last forty years. This was the first success in producing effective ZnO films with extrinsic 

elements during the sputtering process.  



The ARCO’s group had further incorporated this new type of oxide as a front contact 

layer, a back contact and a buffer layer in the development of amorphous silicon single junction 

(MTF modules), copper indium diselenide single-junction solar cells, transparent solar cells, 

copper indium diselenide- amorphous silicon tandem cells (BCLIPSE modules), MTF cell/ single 

crystal silicon tandem (ECLIPSE modules) ; some of them exhibited among the best conversion 

efficiencies at that time. Since then, many laboratories in the solar energy community have 

adapted this oxide in their research and development of thin film solar cells.  

A magnetron sputtering system had been employed to deposit ZnO films at ambient 

temperature.  The sheet resistance of 8 Ω/square and a bulk resistivity of 6.4 x 10-4  Ω-cm had 

been achieved  for hydrogen doped ZnO of a thickness of 8,000 A.  Ga and Al doped ZnO films 

had a bulk resistivity of 4.9 x 10-4  Ω-cm and 8.7 x 10-4  Ω-cm, respectively. Details were 

discussed in the Disclosure of Invention on October 4, 1984 (Figures 1-4 , attached). A Ga- doped 

ZnO film of a thickness of 2.5 μm having a sheet resistance of 3 Ω/square  and an optical 

transparency of 84% was obtained. As far as the sputtering process was concerned, in the 

beginning, we started our doping experiments in ZnO by placing solid pieces of group III 

elements (Al, Ga, In, B) on ZnO target and sputtered up. Once we found optimized contents in 

terms of electrical and optical performance, we sent the desired compositions out to Demetron Inc. 

to have the sputtering targets made. We also used diborane and organometallic gases such as 

trimethyl aluminium (TMA), trimethyl gallium (TMGa)  for the doping purposes. Co-sputtering 

was also employed to deposit ZnO films. A patent was filed on June 4, 1985 and awarded on 

November 18, 1986 (US patent 4,623,3601). The main claims 1 & 15 of this patent are shown in 

Fig. 5. 

 



 
 

 Fig. 1 : Disclosure of invention of ZnO doped with hydrogen and  group III elements 

(page 1) 

 

 

 

 

 



 
Fig. 2 : Disclosure of invention of ZnO doped with hydrogen and  group III elements 

(page 2) 

 

 

 



 
 

Fig. 3 : Disclosure of invention of ZnO doped with hydrogen and  group III elements 

(page 3) 

 

 



 
Fig. 4 : Disclosure of invention of ZnO doped with hydrogen and  group III elements 

(page 4) 

 

 

 

 



 

 
 

Fig. 5. The main claims of US patent 4,623,601 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Experimental conditions were recorded in the laboratory notebook , as shown in Figs 6-

10:   

 
 

 Fig. 6:  Al-doped ZnO film was deposited, using a RF sputtering system with ZnO target 

and 20 pieces of aluminum  by Nang Tran on August 18, 1983, witnessed and signed by 

Sarkiss Zoumalan on October 4, 1983. Page 5, Lab. notebook 15 J. 

 

 

 



 
Fig. 7:  Ga- doped ZnO film was deposited, using a RF sputtering system with ZnO target 

and Ga  pieces by Nang Tran  on August 12, 1983, witnessed and signed by Sarkiss 

Zoumalan on October 3, 1983. Page 97, Lab. notebook 15 C. 

 

 

 

 

 



 
Fig. 8:  In- doped ZnO film was deposited, using a RF sputtering system with ZnO target 

and 15 In  pieces by Nang Tran  on August 28, 1983.  Page 18, lab. notebook 15 J. 

 

 

 

 

 

 



 
Fig. 9:  ZnO film doped with B was deposited, using a RF sputtering system with ZnO 

target and boron  pieces by Nang Tran  on August 26, 1983 and witnessed by Sarkiss 

Zoumalan on October 4, 1983.  Page 19, lab. notebook 15 J. 

 

 

 

 



 
Fig. 10:  Al- doped ZnO film was deposited, using a RF sputtering system with ZnO 

target and trimethyl aluminium (TMA)   by Nang Tran  on September 16, 1983 and 

witnessed by Sarkiss Zoumalan on October 4, 1983.  Page 46, lab. notebook 15 J. 

 

 

 

 

 

 



Once we were able to find the optimized composition of the dopants, sputtering ZnO 

targets premixed with group III elements were sent out to Demetron to have sputtering 

targets made, as shown in the correspondence between Dr. Rolland Mueller and me in 

Fig. 11. 

 

 
 

Fig. 11: Correspondence between N. Tran and R. Mueller on the Al -doped ZnO 

sputtering target. 

 

 

 



Electron probe analysis  of the Demetron’s Al-predoped ZnO sputtering target is shown 

in Figs. 12 and 13 

 

 
Fig. 12 : Electron probe analysis of Demetron’s Al-predoped ZnO sputtering target  (from 

Howard Rockstad and Michael Binder, Jan. 9, 1984) 

 

 

 

 

 



 
 

Fig. 13 : Back scattered electron images of Demetron’s Al-predoped ZnO sputtering 

target  (from Howard Rockstad and Michael Binder, Jan. 9, 1984) 

 

 

 

 

 

 



SIMS data of sputtered ZnO films with different dopants Al and H are shown in Figs. 14- 

15. 

 

 
Fig. 14:  SIMS data of  sputtered Al- doped ZnO film on a silicon  substrate. 
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Figure15:  SIMS data of  sputtered H- doped ZnO film on a glass substrate. 

 

 

 

 

 

 

 

 



 
 

Fig. 16: Rutherford Backscattering Analysis of sputtered Al- doped ZnO (data from 

Charles Evans & Associates, via Garry Pollock, August 07, 1984) 

 

Figs. 17-19 show XRD data of ZnO films doped with Al, Ga and hydrogen.  

 

 

 

 

 



 
Fig. 17: XRD data of  sputtered H-doped ZnO film  (From Sarkiss Zoumalan, Nov. 2, 

1983) 

 

 

 

 

 

 

 

 

 



 
 

Fig. 18: XRD data of  sputtered Al- doped ZnO – 7,000 A (From Sarkiss Zoumalan, Nov. 

2, 1983) 

 

 

 

 

 

 

 

 

 

 



 

 
 

Fig. 19: XRD data of  sputtered Ga- doped ZnO film (From Sarkiss Zoumalan, Nov. 2, 

1983) 

 

Figs. 20-23 summarizes properties of sputtered Al- doped ZnO (AZO), gallium- doped  

(GZO)  and indium- doped ZnO (IZO) films. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 
Fig. 20: Properties of Al-doped ZnO films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Fig. 21: Properties of Ga-doped ZnO films 

 

 

 

 

 

 

 



 
Fig. 22: Properties of In-doped ZnO films 

 

 

 

 

 

 

 

 



 
 

Fig. 23: Properties of In-doped ZnO films (continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Fig. 24: Properties of In-doped ZnO films (continued) 

 

 

Transmittance, reflectance and absorption of undoped  ZnO films and ZnO films doped 

with group III elements and hydrogen are shown in Figs. 25- 32. 

 

 

 

 

 

 

 

 



 
 

Fig. 25. Transmittance, reflectance and absorption of undoped sputtered ZnO films 

(thickness= 3,469 A)  

 

 

 

 

 

 

 

 



 

 
Fig. 26. Transmittance, reflectance and absorption of undoped sputtered ZnO films 

(thickness= 12,998 A)  

 

 



 
 

Fig. 27. Transmittance, reflectance and absorption of sputtered  Al-doped ZnO films 

(thickness= 10,000 A)  

 

 

 

 

 

 

 



 

 

 
 

 

Fig. 28. Transmittance, reflectance and absorption of sputtered  Al-doped ZnO films 

(thickness= 12,000 A)  

 



 
 

Fig. 29:. Transmittance, reflectance and absorption of sputtered  Ga-doped ZnO films  

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

Fig. 30. Transmittance, reflectance and absorption of sputtered  Ga-doped ZnO films  

(continued) 



 
 

Fig. 31:. Transmittance, reflectance and absorption of sputtered  hydrogen-doped ZnO 

films (thickness= 13,000 A)  

 

 

 

 

 

 

 



 

 
Fig. 32. Transmittance, reflectance and absorption of sputtered  hydrogen -doped ZnO 

films (thickness= 21,000 A)  

 

 

Fig.33 shows variation of bulk resistivity of ZnO films as a function of the hydrogen 

partial pressure whereas Fig. 34 shows transmission, reflection  and absorption  of the 

sputtered films.  

Fig. 35  shows carrier concentration  and mobility of the films. 



Illuminated current- voltage characteristics of ZnO/CdS/CuInSe2 and ZnO/pin 

amorphous silicon solar cell with ZnO as a top electrode  are shown in Figs. 36 and 37, 

respectively.  
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Fig. 33: Graph showing the resistivity of magnetron sputtered ZnO films as a function of 

the hydrogen partial pressure. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 
         Fig. 34: Optical transmission, reflection  and absorption  of sputtered ZnO films as 

function of the wavelength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
Fig. 35: Temperature dependence of Hall mobility, carrier concentration, and resistivity 

of sputtered ZnO films. 

 

 



 
 

Fig. 36:  Illuminated current-voltage characteristics of ZnO/CdS/CuInSe2 solar cell. 

 

The  device structure shown in Fig. 36  had been fabricated upon  a glass substrate.  The 

sputtered ZnO film (of which the properties shown in Figs 33 - 35) was deposited  onto 

the evaporated CdS/CuInSe2 stack of films at an ambient substrate temperature. A 9.6%  

conversion efficiency was achieved for a solar cell of  an area of 1.9 cm2.  

Current-voltage characteristics of  polysilicon and silicon solar cells with sputtered ZnO 

doped with Al or Ga are shown in Figs. 37-40. 

 

 



 
 

Fig.37: Illuminated current-voltage characteristics of ZnO/pin amorphous  solar cell 

(area = 4 cm2 ) 



 
Fig.38: Illuminated current-voltage characteristics of Al- doped ZnO / pin  amorphous  

solar cell (area = 4.6 cm2 ) 



 
 

 

 
Fig. 39: Illuminated current-voltage characteristics of Ga- doped ZnO / pin  amorphous  

solar cell (area = 4.15 cm2 ) 

 

 

 

 



 

 
Fig. 40: Illuminated current-voltage characteristics of Al- doped ZnO / polysilicon   solar 

cell (area = 70  cm2 ) 

 

After  the success of sputtered ZnO films as a front and back contact  of solar cells, I was 

assigned to work on transferring  the ZnO deposition process from Torr-Vac sputtering 

system  to CPA in-line sputtering system. In August, 1984, I was able to  demonstrate a 

hydrogen-doped ZnO film  which had a bulk resitivity of 6 x 10-4 Ω-cm and MTF 

amorphous silicon solar with this ZnO as a front contact exhibited a conversion 

efficiency of 6.7 % (an area of 4 cm2 ). I was also involved in the initial stage of setting 

up  the  CVD system for making ZnO films  where diethyl zinc, trimethyl aluminum/or 

diborane  and water vapor were used as reacting gases. 



Yu-Han and I submitted a paper to 18th IEEE Photovoltaic Specialists Conference to be 

held in Las Vegas , October 21-25, 1985 (see Fig. 41) with  the abstract shown in Fig. 42. 

Four and a half years of “fun” and “challenges” with ARCO (Fig. 43) had passed by so 

fast. On January 15 , 1985, I left the company and the sunny California to pursue my  

other opportunity in Minnesota. 

 

 

 
 

Fig. 41. The front page of the document we submitted to the conference committee of 

IEEE Specialists Conference. 

 



 
 

Fig. 42. Abstract of the paper we submitted to the conference. 

 

                 
 Fig. 43. At the opening ceremony of the 1st International  Photovoltaic Science 

and Engineering Conference, Nov. 15-18, 1984  in Kobe, Japan. I am the first person on 

the left, T.Dyer (at the center) and Charlie Gay (VP of ARCO Solar, on the right). 
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