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Abstract Transparent conducting ZnO:F was depositeddeposited using the textured ZnO:F Plms as the front
as thin bIms on soda lime glass substrates by atmosphertectrode. The short circuit current was increased over
pressure chemical vapor deposition (CVD) deposition asimilar cells made with Buorine doped tin oxide, but the
substrate temperatures of 480D5Q0 The precursors di- voltages and bll factors were reduced. The voltage was
ethylzinc, tetramethylethylenediamine and benzoyl Buorideestored by overcoating the ZnO:F with a thin layer of
were dissolved in xylene. The solution was nebulizedSnO,:F.

ultrasonically and then Rash vaporized by a carrier gas of

nitrogen preheated to 15@. Ethanol was vaporized sepa-

rately, and these vapors were then mixed to form a homo-

geneous vapor mixture. Good reproducibility was achieved

using this new CVD method. Uniform thicknesses werelntroduction

obtained by moving the heated glass substrates through the

deposition zone. The best electrical and optical propertie€inc oxide is a large band gap semiconductor (3.3 eV) with
were obtained when the precursor solution was aged for mor@ hexagonal wurzite structure. As a thin PIm, zinc oxide
than a week before use. The bIms were polycrystalline andas many practical applications, such as in solar cells,
highly oriented with thes-axis perpendicular to the substrate. liquid crystal Rat panel displays, energy efbcient windows,
The electrical resistivity of the bims was as low as 80°P*  gas sensors, surface acoustic wave devices, piezoelectric
Wem. The mobility was about 45 cifvs. The electron devices, ultrasonic transducers, ettEq).

concentration was up to 3 10°%cm®. The optical absorp- ~ Transparent conductors are materials with low electrical
tion of the bPIms was about 3D4% at a sheet resistance odsistivity and high transmittance of visible light. Large
7 Wisquare. The diffuse transmittance was about 10% at hand gap semiconducting metal oxides such as indium
thickness of 650 nm. Amorphous silicon solar cells wereoxide, cadmium oxide, tin oxide and zinc oxide can be
doped with impurity atoms to reduce their resistivity while
restaining high transparency in the visible spectrum. Zinc
oxide has several advantages over the other transparent
conducting oxides. Cadmium in all its compounds is toxic
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than tin oxide in a plasma reducing environment. Zincthan in diethylzinc; therefore the chelated precursor is
oxide also has a higher optical transmittance than the othenuch less reactive to oxygen and moisture, and is not
transparent conducting oxides. This suggests zinc oxidspontaneously Rammable. The new CVD process based on
may lead to higher solar cell efbciency than tin oxide. Forthe chelated precursor is more controllable and reproduc-
applications in making patterns for liquid crystal Rat panelible, and the Plms are more uniform.,Et(TMEDA) is a
displays, zinc oxide has the advantage of easy etching isolid that is easily dissolved in organic solvents such as
aqueous acids such as dilute hydrochloric acid. Thesrylene. Variants of the precursor are made by reacting
advantages suggest that zinc oxide should be a techndiethylzinc with other amine ligands, such as tetraethyle-
logically important material for transparent conducting thylenediamineN,N¢dimethylN,N¢diethylethylenediamine,
applications. N,N-dimethyl-N¢N¢diethylethylenediamine, andN,N,N¢
Zinc oxide bIms have been successfully deposited bylimethyl-Nédiethylethylenediamine. The resultant precur-
chemical vapor deposition (CVD)4PLl4], sputtering sors are liquids at room temperature and have reactivity
[15618], vacuum evaporationlP], spray pyrolysis 20ER2) similar to EbZn(TMEDA). Since teramethylethylene-dia-
and other thin PIm deposition techniques. CVD generallymine is less expensive than the other amine ligands, we
has faster growth rates and better uniformity than the othemainly used E&Zn(TMEDA) as the zinc precursor.
deposition processes. It is more suitable for large-scale An important advantage of these chelated diethylzinc
commercial applications. Conductive zinc oxide PIms haveprecursors is the ability to premix their vapors homoge-
been made by adding impurity dopants such as Ruorineeously with ethanol vapor as an oxygen source. In our
[23], boron 24], aluminum R5B81], gallium [32B84], and  previous work P3ER5] with unchelated diethylzinc, the
indium [35, 36]. reaction with alcohol was so fast that premixing could not
In this paper, we report the atmospheric pressurde used. The vapors had to be mixed directly over the
chemical vapor deposition of ZnO:F bIlms using the tetrasubstrate from separate inlets. In a CVD process, homo-
methylethylenediamine adduct of diethylzinc, ,(€3),Zn  geneously premixed vapors allow a much simpler injector
(CH3),NCH,CH.N(CHg),, as the zinc source, benzoyl design with a single inlet. Process reproducibility is also
RBuoride (GHsCOF) as the RBuorine dopant, and ethanolmuch improved with a homogeneous reactant vapor mix-
(C,Hs0H) as the oxygen source. We also investigated théure, because the reactivity does not depend on the details
structural, electrical and optical properties of the bIms, anaf how the reactant vapors mix at the inlet to the reactor.
their applicability to amorphous silicon solar cells. We also tried other alcohols such as isopropanol. The
resulted PIm conductivity was lower and visible absorption
was higher than using ethanol.

Experimental Benzoyl Buoride was chosen as the RBuorine precursor. It
is a stable liquid at room temperature. It dissolves in the
Precursors zinc precursor solution, and it produced Ruorine doping

even at low concentrations. We found using benzoyl

The commonly used zinc precursors for chemical vapofuoride as the dopant precursor convenient and reliable,
deposition of zinc oxide include diethylzinc (Znf§Bs),), although the Ruorine-doped precursor solutions have a
dimethylzinc (Zn(CH),), and zinc acetylacetonate limited shelf life, as explained in the results section.
(Zn(CsH70Oy),). Both dimethylzinc and diethylzinc are  We also used other Ruorine sources and found them
difbcult to handle because they burn spontaneously in aiess suitable. Hexal3uoropropene is a gas at room tem-
(pyrophoric). They are very reactive to oxygen andperature and could be used as the dopant source, but it
moisture, making a CVD process subject to disruption bywas not an efpcient dopant source and required a large
leaks of air. The resulting Plms are frequently irrepro-quantity. Other gas phase Ruorine sources such as
ducible and not uniform. Zinc acetylacetonate is a solidhydrogen Ruoride inhibited PIm growth at even low
and has low solubility in the common solvents. It is dif- concentrations. Acetyl Buoride has a boiling point of
bcult to vaporize as a precursor. Films made with zin20 C, so it is in between a liquid and a gas at room
acetylacetonate also have relatively low growth rate andemperature. Various methods were used to introduce the
high resistivity (>18*Wem). acetyl Ruoride, but reproducibility was poor. Introducing

The tetramethylethylenediamine adduct of diethylzincacetyl Ruoride as a gas from a heated cylinder did not
(Et,Zn(TMEDA)) was synthesized by reacting diethylzinc lead to Ruorine-doped PIms. Dissolving the acetyl Buo-
with tetramethylethylenediamine. It is a compound with aride in the zinc precursor solution was not reproducible
chelate amine ligand attached to the diethylzinc. The zindbecause the very volatile acetyl Buoride escaped easily
atom of the chelated precursor molecule is less accessibfeom the solution.
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Experimental procedure The precursor injection speed varied from 0.2 ml/min to
1.8 ml/min, corresponding to about 0.1 mol% to 1 mol%
The ZnO PIms were deposited in a belt furnace made byn the gas stream. Nitrogen carrier gas, preheated to about
BTU International. The experimental set up is schemati-L150 C, met the precursor at the ultrasonic nozzle and
cally shown in Fig.1. The substrate temperature was var-vaporized the precursor droplets. The nitrogen gas was
ied from 450 C to 525 C. The injector included a puribed so that the oxygen content was in the parts per
cylindrical shower head with small holes along the side billion level. The nitrogen carrier gas Row rate varied from
housed in a cylindrical chamber leading down to a slot8 I/min to 12 I/min. Ethanol was introduced through an-
6 mm wide and 124 mm long. It was designed to makeother line, also from a syringe pump. The injection speed
uniform PIlms with all the precursors premixed beforevaried from 1.0 ml/min to 6.0 ml/min, corresponding to
entering the injector. EBZn(TMEDA) was synthesized by about 3 mol% to 30 mol% in the gas stream. Ethanol was
reacting diethylzinc in xylene with tetramethylethylenedi- vaporized at a 1/1@Swagelok tee joint by nitrogen carrier
amine. Benzoyl RBuoride (from Alfa AESAR) was mixed gas heated to 80C. The carrier gas Row rate for ethanol
with Et,Zn(TMEDA) dissolved in equal weight of xylene. was set to 1.6 I/min.
The most stable container for precursor storage were poly- Two types of experiments were carried out. One was a
Buorocarbon containers(such as Tef3on). Glass or polyetistatic deposition where the substrates were stationery dur-
ylene containers reacted with the precursor and produceidg the deposition. This was used to study the Bow pattern
residues. Even in the poly-Buorocarbon lined containersand kinetics of the deposition process. The other type was a
there were gradual chemical changes within the solutionmoving deposition where the substrates were moved by a
leading to CVD results that depended on the time elapsebelt at a constant speed across the reaction zone so that a
since the mixing of the benzoyl RBuoride into the solution. uniformly thick PIm could be deposited. The belt speed
Anhydrous ethanol was obtained from Pharmco. Thevaried from 0.5 inch/min to 10 inch/min.
water content in commercial anhydrous ethanol was Soda lime glass and silicon were used as the substrates.
determined using the Carl-Fischer titration method to beSoda lime glass was projector slide glass from Kodak.
about 0.04 weight %. Silicon was 4 inch wafers from Silicon Sense Inc. The
The zinc precursor was pumped from a syringe pump teubstrates were brst cleansed with soap and water, then
a SONOTEK ultrasonic nozzle that turned the solution intorinsed thoroughly with deionized water, then blown dry
a bne mist of droplets of about 20D50 micron in diameterwith dry air. The substrates were put on a substrate holder

Nitrogen Et2Zn(TMEDA)
benzoyl fluoride

/ syringe pump \

ultrasonic atomizer vj I nitrogen

syringe pump

Furnace

gas distribution

substrate

Fig. 1 Schematic drawing of the experimental setup
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designed so that the substrate surface was level with thglass substrates did initiate reproducible ZnO growth,
substrate holder surface. This produced a more uniformprobably by catalyzing the dehydration of ethanol to water.
Bow across the substrate surface and minimized edghs ZnO was grown and covered these oxides, its own
effects. The substrate holder was made from either stainlessirface also acted as a catalyst for the dehydration of
steel or aluminum. The substrate surface temperature wahanol to grow a next layer of ZnO on top. The results
probled by cementing a thin thermocouple on the substratevere reproducible when the substrates were precoated with
The substrate temperature was 30DGMelow the furnace any one of these oxides of aluminum, titanium, zinc or tin,
temperature. all of which are known to catalyze the dehydration of
Film thickness was measured with a Tencor Alpha-Stelcohols. Alternatively, if a small amount of water vapor
200 problometer. A step was generated by covering thevas introduced into the reaction zone just before the
PIm with Scotch tape and etching in 4 M HCI. The sheetdeposition began, it reacted with the zinc precursor to form
resistance was measured with a Veeco FPP-100 four poiat thin layer of ZnO on bare soda lime glass and initiated
probe. The mobility and electron concentration of the PImgeproducible PIm growth.
were measured using van der PauwOs method. Because the zinc precursor and ethanol were premixed
Optical properties were measured with a Hitachi U-4001before entering the injector, and large amount of ethanol
spectrophotometer with an integrating sphere detector. Fawas used, it was important to use anhydrous ethanol. Even
textured ZnO PIms on glass, light trapped by total internatrace amounts of water in the ethanol (>0.1%) could react
relRection causes a higher value of the measured absorptionith the zinc precursor to form powder before entering the
To correct for this effect, an index RBuid of= 1.76 was reaction zone. For example, 0.4% water in the ethanol
sandwiched between the bPIm and a thin cover glass duringgduced PIm thickness by 40%. The ethanol to zinc molar
measurement ratio was greater than 10. If lower amounts of ethanol were
X-ray diffraction spectra were obtained on a GE X-rayused, the PIms looked brown in transmission. Both the
diffraction machine with iron K radiation. The X-ray optical absorption and the bIm resistivity increased. These
wavelength was 1.93604.AThe operating voltage was effects may be due to carbon incorporation in the bPlms
40 kV and the current was 10 mA. A manganese blter wafrom incomplete reaction of the zinc precursor.

used to blter out the iron Kline, but a slight amount of K Below a substrate temperature of 450, very little bPIm
radiation still passed through, as could be seen from theas grown. At zinc precursor concentration 0.3 mol%, the
small Kg line diffraction peaks in the X-ray spectra. PIm growth rate increased with substrate temperature until

Rutherford backscattering spectra were obtained using 430 C. Above 480 C the growth rate remained the same.
General lonics Model 4117 spectrometer. The operatind\t a higher zinc precursor concentration of 0.9 mol%, the
He" beam energy was 2.0 MeV. Fluorine concentrationgrowth rate increased with substrate temperature until
was measured using electron microprobe analysis (EMA)510 C. Increasing the precursor concentration required a
It was done on a Cameca MBX electron microprobe usindnigher substrate temperature to achieve a similar deposition
wavelength dispersive spectrometers. The operating beasfbciency. The maximum growth rate was as high as
voltage was 5 keV, beam current was 20 nA, and beani,000 nm/min near the entrance of the gas Row. The eth-
size was 32tm - 32 um. The standard for calibration was anol concentration did not affect the PIm growth rate over a
calcium RBuoride. broad range. The benzoyl Ruoride concentration in the

Film morphology and crystallite size were studied with aprecursor affected the growth rate, and its effect depended
LEO 982 Scanning Electron Microscope with GEMINI on how long the precursor mixture was aged after mixing
column. in the benzoyl Buoride. If the precursor solution was not

aged, a high benzoyl RBuoride concentration (>3 mol%)
strongly inhibited PIm growth. If the precursor was aged

Results and discussion for more than one week, the inhibition effect did not occur
until a much higher Ruorine concentration was reached.
Film deposition The dependence of the growth rate on Ruorine concentra-

tion for the aged precursors is shown in F&y.
Static depositions were brst made to study the Bow pattern Films made with static deposition usually had the
and kinetics of the deposition process. On bare soda limmaximum growth rate right under the inlet slot in the
glass, results were not reproducible and sometimes no bPlinjector. As the precursor was gradually depleted, bPIm
was deposited, or PIm was only deposited on parts of thgrowth rate became lower near the two exhaust slots.
substrate. This was attributed to the inability of ethanol toLooking at the PIm in reRectance showed stripes of inter-
react directly with the zinc precursor. A thin layer (a few ference color bands from the variation in thickness. Mov-
tens of nm) of AbOs, TiO,, ZNO or SnQ precoated on the ing the substrate through the deposition zone produced
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Fig. 2 Dependence of the growth rate on Ruorine concentration irFig-_3 RB_S spectrum Of_ a ZnOO:F PIm (Subs_tr_ate Fempera-
the precursor (static deposition, substrate temperature: @95 re:495 C; ELZn(TMEDA).0.6 mol%; F/Zn mol ratio:1/27; Etha-

Et,Zn(TMEDA):0.6 mol%; Ethanol:12 mol%; N12 l/imin) nol:12 mol%; N:12 I/min; Belt bspeed:2 inch/min)

uniformly thick PIms over the entire substrate. It was found 15000
that a precoating on the soda lime glass substrate was not
necessary for uniform bPlm growth during moving deposi-
tions. This was attributed to the substrate holder surface ., [
next to the substrate, which already had ZnO on top. The
ZnO could catalyze the dehydration of ethanol into water »
and bPIm growth could be initiated on the bare soda Iimeu
glass substrate. We conbrmed this hypothesis by running 9 |
depositions on bare soda lime glass substrates without
using the substrate holder. The nucleation was poor without )
the substrate holder, indicating the necessity of an oxide 0 -JLJ e— . : . A
layer to initiate growth. The maximum growth rate for 3 3B 40 45 50 5 60 B5 70
moving deposition was about 240 nm/min. 2-theta

The deposition efpciency of the reaction for optimalFig. 4 X-ray spectrum of undoped ZnO (deposition temperature
doped bIms was about 30%. 495 C), X-ray source: Mn-bltered Fe K lines

(002)

Composition and crystal structure

80000

Rutherford back scattering (RBS) spectra were obtained for
the best electro-optic quality PIms deposited on silicon.  soooo -
RBS (Fig.3) spectra showed the zinc oxide PIms had a

Zn:0O = 1:1 stoichiometry. No carbon was detected in RBS.

Since the Buorine content was very low and the Ruorineg
signal sat on the silicon background, we could not detecte
the RBuorine signal in the RBS spectra. Electron microprobe 29000 |-
analysis (EMA) with calcium RBuoride as a standard gave L

(002)

40000 +

Buorine concentration of 0.2D0.3 atomic percent. Since the
RBuorine concentration was near the detection limit, the

results should be taken as only an estimate of the Ruorine o 0% z_ﬂfst, % woe
concentration.

X-ray diffraction patterns of all PIms grown in this study
were crystalline with a hexagonal wurzite structure. Fig-
ures4 and 5 show the X-ray spectra of undoped and
Buorine doped ZnO bPIms grown at 496. Besides a small strong orientation with the c-axis perpendicular to the
(103) peak in the undoped bIm, the main peaks were aubstrate. The peaks neaf 2 32 were from iron K5
(002) for both samples, indicating the crystallites had aradiation in the X-ray source. The lattice constant of

0

Fig. 5 X-ray spectrum of ZnO:F (deposition temperature 485 X-
ray source: Mn-bltered Fe K lines
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undoped zinc oxide was = 5.193 % closely matching the 100 =

published value = 5.207 &[37]. The Buorine doped PIm % | . —e—  thickness(}(1004)
had a very slight shift oD(26) = 0.02 of the (002) peak =20 | — 4 — mobility (cm*fVsec)
towards the lower angles, corresponding to a small increas: 7, | -B--. resistivity (C10°¥/Q2cm)

in the bond length. The n-type doping placed electrons in ¢, |
the anti-bonding conduction band, thereby weakening anc ., |
lengthening the bonds.

The full width at half maximum of the (002) peaks of
both the undoped and Ruorine doped ZnO PIms were the ;
same. This indicated the crystallite sizes along dkexis ol
for both PIms were the same. An estimate of the crystallite ' |

o - . 0 .
size in the d_|rect|on perpend|cular_to the substrate was il o e pre )
calculated using the Scherrer equati@g]|

Substrate Temperature (C)

-.#.=. electron concentration (Xl[}lgi’cmS)

40 +

t=0.9/4/f cost (1) Fig. 6 Electrical properties of ZnO:F bIms as a function of substrate
temperature
where 1 is the wavelength of the X-ray} is the angular

diffraction peak position, and is the FWHM of the peak.
The calculated crystallite thickness was about 30 nm for @loping during PIm deposition. However, aging the pre-

PIm 0.8 micron thick. cursor for more than bve weeks resulted in higher PIm
resistivity. It was found that both the electron concentration
Electrical properties and mobility were lower. This could be due to the forma-

tion of zinc Buoride in the precursor or in the PIm. NMR

Film resistivity was measured from the sheet resistance argpectra showed there was a reaction between the zinc and
the PIm thickness. The blms deposited using moving suthe Buorine precursors over time, but the precise mecha-
strates had good uniformity in both the bIm thickness andiism is not clear.
sheet resistance, usually with a variation of less than 10% If the precursor solution was used less than a week after
over the entire substrate area. Variation mainly occurre@dding the benzoyl Ruoride, the PIm resistivity was very
near the edges. The edge area usually had slightly high&ensitive to the precise concentration of RBuorine in the
sheet resistance and lower growth rate. This could comprecursor. Even a few percent change in the Ruorine con-
from a small variation of the temperature over the sub-<centration resulted in large change of the resistivity. The
strate. Deposition parameters such as the substrate temgsults were difbcult to reproduce. For precursor solutions
perature, dopant concentration, precursor aging time, angged more than a week, the resistivity was much less
ethanol concentration were varied to optimize the bImsensitive to the Buorine concentration in the precursor, and
resistivity. the optimum Buorine concentration had a wider range. The

The mobility of thin PIms generally increased with the optimum molar ratio of Ruorine to zinc was in the range
substrate temperature. The optimum substrate temperatute20 to 1:30. The deposition process was more controllable
was around 480D50@. At substrate temperatures aboveand reproducible when the precursor was aged for a week
500 C, the mobility and the electron concentration startedor more before use. The dependence of the electrical
to decrease. Possible explanations are either the dopant waroperties on Ruorine concentration in the precursor solu-
more difPcult to incorporate into the PIm or the dopant wagion is shown in Figs7ES.
not as electrically active at the higher temperatures. The Ethanol concentration also affected the PIm resistivity.
dependence of the bIm thickness and the electrical propA’hen ethanol concentration was low (below 10:1 ethanol
erties on substrate temperature is shown in Big. to zinc molar ratio), the PIms had higher resistivity. This

The aging time of the Ruorine and zinc precursors afwas probably due to carbon contamination in the blm from
fected the PIm resistivity. Benzoyl Ruoride was premixedthe incomplete decomposition of the zinc precursor. The
with Et,Zn(TMEDA) in xylene solution and stored in a resistivity was optimized over a relatively wide range of
glove box for up to 2 months. Films made with the pre-ethanol concentration. The optimum molar ratio of zinc to
cursor aged for more than 1 week, but less than 5 weekgthanol was about 1 to 20. When the ethanol concentration
had PIm resistivity about 30% lower than the PIms madevas too high, the resistivity increased. The increase in
with precursor aged for less than 1 week. This was probresistivity mainly came from a decrease in the carrier
ably because the Ruorine exchanged with the ethyl grougoncentration, indicating doping was less efbcient when
and attached to the zinc atom, resulting in more efpcienthe ethanol concentration was high.
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1000

The resistivity depended on the bIm thickness. Thinner
Plms had higher resistivity. Generally, the mobility of
thinner PIms was lower because of the smaller grain size.
100 | This resulted in larger grain boundary scattering of the free

electrons. We found that both the mobility and electron
/ concentration were lower for thinner ZnO:F PIms. The
= decrease in electron concentration could be attributed to
Ly \f,/f the increase of trapping states at the grain boundaries when
the grain sizes were smaller. Figut® shows the depen-
dence of the resistivity on PIm thickness. The thickness of
1 ———— — these bIms was varied by changing the speed at which the
0 001 002 003 004 005 006 007 008 009 01 substrate moved across the reaction zone. For bPIms with
F:Zn atomic ratio in precursor thickness less than 300 nm, PIm resistivity depended very
Fig. 7 Dependence of the resistivity of ZnO:F on the Ruorine Str?’”g'y on, the PIm thICkr_]eSS’ since g_raln boundary s,cat_
concentration in the precursor tering was important for thinner bPIms with small crystallite
sizes. For bPIms with thickness greater than 300 nm, bIm
resistivity depended only weakly on the PIm thickness.
Grain boundary scattering was less important when the
crystallite sizes were large. The mobility of the thicker
bPIms was dominated by ionized impurity scattering. For
] amorphous solar cell applications, we wanted PIms with
low sheet resistance (<M/square) and a high diffuse

resistivity(10{cm)

E‘ 40 transmittance (>10% near 650 nm); both of these qualities
& 3B required thick PIms. We concentrated on investigating
i a0 PIms with thickness in the range of 700900 nm.

2 o5 The electrical properties of undoped and Buorine doped
% - zinc oxide bPIms were measured for comparison. The only
g

difference in deposition condition was the benzoyl RBuoride
in the precursor. The optimized Buorine to zinc molar ratio
0 001 002 003 004 005 008 007 008 009 01 in the precursor was 1:27. The subst_rate temperature was
495 C. The zinc precursor concentration was 0.6 mol% in
the gas phase. The ethanol vapor concentration was
Fig. 8 Dependence of the mobility of ZnO:F on the Ruorine 12 mol%. The total carrier gas Bow was 12 I/min. The
concentration in the precursor exhaust Bow was 24 I/min. The belt speed was 2 inch/min.
Both the undoped and doped PIms had similar mobility of

F:Zn atomic ratio in precursor
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Fig. 10 ZnO:F PIms resistivity versus thickness (Substrate temper-
Fig. 9 Dependence of electron concentration of ZnO:F PIms on the Rture:495 C; EL,Zn(TMEDA):0.6 mol%; F/Zn mol ratio:1/27; Eth-
concentration in the precursor anol:12 mol%; N:12 I/min; Belt speed:1D10 inch/min)
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about 45 cri'Vs. This was higher than other transparentstructure. The crystallites were plate-like and thin in one of
conductors such as indium tin oxide and Ruorine doped tithe dimensions. The plates were randomly tilted, indicating
oxide. Doping increased the electron concentration by twdhe crystallites were not completely oriented with thaxis
orders of magnitude. The undoped PIlms had electroperpendicular to the substrate surface. Fluorine doped PIms
concentration of the order of #icm® and the Ruorine with the optimum Ruorine concentration for low resistivity
doped bIms had electron concentration of around®?%  had a hexagonal columnar structure. The crystallites were
cm®. The bIm resistivity of the ZnO:F blms was as low asthick and shrinked near the top. The columns were highly
5. 10°*Wem. oriented with thec-axis perpendicular to the substrate
Fluorine was expected to replace oxygen in the zincsurface. The optimal doped PIms were more oriented than
oxide lattice and contribute free electrons, but they alsdhe undoped PIms. Films with higher than optimum Ruo-
acted as ionized impurity scattering centers. SEM microtine content had a plate-like morphology similar to the
graphs (Fig1l) showed that when the [Ruorine concen-undoped PIlms but with smaller crystallite sizes.
tration in the precursor was high, the grain size decreased.
Grain boundary scattering increased when the grain siz®ptical properties
decreased. Therefore, the mobility of PIms with high
Buorine concentration decreased due to both the increase Transmission and reRection spectra were taken to study the
ionized impurity scattering and grain boundary scatteringoptical properties of the bIms. The total transmittance and
A high RBuorine concentration in the PIms did not neces+eRectance of a ZnO bIm with optimum Ruorine doping is
sarily lead to a higher electron concentration. The Buorineshown in Fig.12. The bIm thickness was about 800 nm
atoms needed to replace the oxygen atoms in the zinc oxidend the sheet resistance was aboufM3quare. Optical
crystal structure if they were to contribute free electrons. Ifabsorption and texture were the two main optical properties
the RBuorine atoms did not occupy the proper oxygen sitese tried to optimize. For solar cell applications, a low
or if they formed zinc Buoride, they would not provide free optical absorption is desired to allow more photons to enter
electrons and could change the morphology and grain sizéhe active cell region and generate electron-hole pairs. Film
of the bIms. The SEM micrographs (Fijl) showed the texture is desired to provide light trapping in the cell
undoped PIms had large grain size with a hexagonah order to lengthen the light path in the cell. This is

500N -
T ASAOT W2

(a) undoped ZnO (b) optimal F concentration

S ¥ 15707 W3

(¢) high F concentration

Fig. 11 SEM micrographs of ZnO PIms) undoped, lf) optimal F concentrationcf high F concentration
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Fig. 13 Optical absorption of undoped and Ruorine doped ZnO

Fig. 12 Total transmittance and reRectance spectra of a ZnO:F PImpims(Substrate temperature:495; Et,Zn(TMEDA):0.6 mol%; F/

(Sheet resistance: Wsquare, thickness 8,000 angstroms) Zn mol ratio:0 to 1/27; Ethanol:12 mol%; NL2 I/min; Belt
speed:2 inch/min)

especially important for silicon in the near infrared region
of the spectrum, since silicon does not absorb strongly ifncrease in free electron concentration. The doped zinc
this region. oxide PIms had lower absorption in the near ultra-violet
Deposition conditions such as the substrate temperaturéggion because of the Moss-Burstein effect. The Moss-
dopant concentration, and ethanol concentration werBurstein effect is partly offset by a band gap narrowing
varied to study the optical absorption of the bPIms. Filmeffect due to carrier-carrier interactions and carrier-impu-
absorption was mainly affected by the ethanol concentrafity interactions. For heavily doped Plms such as the
tion. Low ethanol concentration resulted in a brown pImZnO:F, the Moss-Burstein effect is dominant and the
with large absorption. This was attributed to carbon conabsorption edge shifted to the lower wavelengths. This
tamination due to the incomplete decomposition of the zingffect is advantageous in solar cell applications to allow
precursor. Optical absorption decreased with increasingiore photons in the near ultra-violet region to enter the
ethanol concentration. This had to be compromised witrfell. It can also be useful in some optoelectronic devices
electrical resistivity, since a higher than optimum ethanowhere band gap tailoring is required.
concentration increased the PIm resistivity. Film texture was measured by the diffuse transmittance
Doping the bIms with Ruorine generated free electronsf the PIms. For effective light trapping, about 5% diffuse
which modibed the optical properties of the PbIms.transmittance at 650 nm is adequate to enhance cell per-
Increasing the electron concentration in the PIm also led tdormance £0]. We found that the PIm texture depended on
increased absorption in the visible region from free electhe substrate temperature, ethanol concentration, and dop-
tron absorption. The absorption coefbcierih the visible — ant level. Texture increased with the substrate temperature.

region is given by 39: This was due to the increase in grain size at the higher
temperatures. Texture decreased when the ethanol con-
o = 4Ank/) = (€3/47° g0 Co3) 22 ne/m*2 un) (2)  centration was high. The nucleation density was probably

higher when the ethanol concentration was high, leading to

wheren and k are the real and imaginary parts of the smaller crystallite sizes and smoother PIms. Texture also
refractive index, is the wavelengthn, is the free electron decreased with increasing Ruorine dopant concentration.
concentration,m* is the effective mass, ang: is the Figure 14 shows the diffuse transmittance spectra of und-
mobility. Since the Ruorine doped zinc oxide PIms hadoped, optimally doped and highly doped Plms. For the
high mobility and low electron concentration, PIm optimal doped bIms, more than 10% diffuse transmittance
absorption was lower than other transparent conductorsas achieved at 650 nm.
such as indium tin oxide and RBuorine doped tin oxide. The
solar weighted average absorption in the wavelength regiomhermal stability
400B700 nm was as low as 3D4% for bIms with a sheet
resistance about 7B@square. The electrical and optical properties ZnO:F PIms were

Figure 13 shows the absorption spectra of undoped andtable at room temperature. The thermal stability of the
doped zinc oxide PIms. The doped zinc oxide bPIm showedbIms was studied by annealing the PIms at 400D&Dh
increased absorption in the near infrared region due to ththe furnace for half an hour (Tabl®. The furnace was
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0.60 less RBuorine and more oxygen vacancies. Their resistivity
increased more rapidly when the oxygen vacancies were
blled by the ambient oxygen during annealing.

Films were also annealed in 10% oxygen and 90%
nitrogen at 400 C to study their stability in an oxygen
. environment. These bPlms were annealed for about 10 min
o to simulate the deposition of another layer on the PIm. The
S resistivity did not change for PIms with resistivity less than

et 8 - 10P* Wem. The resistivity increased for blms with

“H higher resistivity. The percent increase in resistivity was

: L : i . 2o ZET higher when the PIm resistivity was higher.
0.40 0.50 0.60 0.70 0.80 0.90 1.00

Wavelength

———  ZnO undoped
ZnOF (optimum F concentration)

040 b ZnOF (highF concentration)

Diffuse Transmittance
=

Application to amorphous silicon solar cells
Fig. 14 Diffuse transmittance spectra of undoped and F doped ZnO

ety . o
;L’"Sm(osl”kr’jﬁ{g‘fg t.?c;n pl%?tué?r',:r?fi: fztzﬁémE;é}.ZOﬁmml A,;’ei/ The applicability of ZnO:F as a front electrode on a:Si cells
speed:2 inch/min) were tested at Solarex and University of Delaware. The
structure of the cells is shown in Fi@5. Both groups
blled with large Rows of nitrogen, but oxygen could not bereported an increase of about 5% in the short circuit current
complete eliminated due to the open construction ofusing ZnO:F compared to the standard $#PIms, This
the furnace. At 400C, the resistivity was relatively is consistent with the higher transparency of the ZnO than
unchanged after annealing. At higher temperatures, ththe SnQ. The open circuit voltages of the cells made on
resistivity increased after annealing. The percent increasgnO:F were, from 10 mV to 100 mV lower than control
in resistivity was higher at the higher annealing temperacells on Sn@. This can be explained by the lower work
tures. At 500 C, the resistivity was increased by at least anfunction of ZnO compared to SnQ41]. The Pl factors of
order of magnitude. Some of the free electrons in the PInZnO:F cells were also lower, by 3D10%, than cells made on
could be contributed by oxygen vacancies. Annealing in ar8nOy:F. This is attributed to the higher contact resistivity
oxygen containing environment caused oxygen to enter thef ZnO/Si than Sn@Si. Both the lower work function and
PIm and pblled some of the oxygen vacancies. This couldhe lower electron concentration contributed to the increase
reduce the carrier concentration and increase the resistivityn contact resistivity when using ZnO:F.
At high annealing temperatures, oxidation was more efp- To resolve the voltage and contact resistivity problems
cient and there could be sodium diffusion from the sodaof ZnO, a thin layer (a few hundred angstroms) of heavily
lime glass substrate. Sodium in the PIm could increaseloped Sn@was deposited between the ZnO and the p-type
defect scattering and lower the mobility. This could alsoa:Si layer. The Sn@layer should be thin enough to retain
increase the resistivity. The increase in resistivity washigh light transmission, but thick enough to provide good
higher for more resistive bIms. Films with lower resistivity electrical contact. The structure Sp€/thick ZnO:F/glass
had more Ruorine in the PIm. The Ruorine atoms replacegdhould combine the best features of the two materials for
the oxygen sites. Therefore there were fewer oxygera:Si solar cells. The thick ZnO:F should provide high
vacancies in the more conductive PIms and they were morgansparency, and the thin Sg® should provide good
stable under annealing. Films with higher resistivity hadelectrical contact to the silicon.

Table 1 Sheet resistance change of ZnO:F bIlms annealed in one

atmosphere of nitrogen gas for 30 min at various temperatures glass
F:ZnO Original sheet Sheet resistance after annealing for \l_|/\/\/\/\/\/\/\/\/\/\/\/\l_l/ InO:F /front metal contact
blm  resistanceW/ 30 min -5t
square)
400 C 425 C 450 C 475 C 500 C &
a-a1
Sample 10.1 10.1 12.0 13.9 29.4 527
#1
Sample 12.9 136 189 21.7 51.0 1,900 n-Si
#2 back metal contact
Sample 13.6 146 224 278 764 6,600 N _
#3 Fig. 15 Structure of an amorphous silicon solar cell with textured

ZnO:F front electrode
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The standard CVD deposition temperature of Sik0s
above 500 C. This would lead to an increase of sheet 75
resistance in the underlying ZnO:F bIm. We investigated
the deposition of Sn@F at lower temperature, and found
SnOx:F could be deposited at 46@ by the reaction of
tetramethyltin, oxygen and hexaRuoropropene. The free
electron concentration in the Sa® was 5- 10'° cmP3
an order of magnitude lower than the values usually found
for optimized SnGQ:F deposited at higher temperatures.

Amorphous silicon solar cells were deposited on sam-
ples of the thin Sn@F/thick ZnO:F/glass transparent
conductors using three different boron dopant levels in the
p-Si layer. The lowest Bow is typical of was used for
standard Sn@substrates. Figurg&6 shows that the stan-
dard boron doping level gave lower open-circuit voltages
on the ZnO substrate than on Sa@he thin, lightly doped
SnQ, layer on the composite Sn®/ZnO:F raised the
voltage b.aCk tothe level found in the sgme run for Standgrclj:ig. 17 Fill factors for amorphous silicon solar cells grown on three
SnQ,. This result supports the potential of the composite
SnO,:F/ZnO:F to increase cell efbciency.

At the higher levels of boron doping, the voltages
became equivalent for all of the substrates. The bl factorgumma
increased with boron doping level, but, unfortunately,
remained lower for both ZnO-containing substrates, at al

boron doping levels (Figl7). Apparently, a higher free textured ZnO:F bIms from EZn(TMEDA), ethanol, and

electron concentration will be needed in the tin oxidebenzo | Ruoride. The new precursor and iniector desian
contact layer, if higher bll factors and efbciencies are to be y ) P ) 9

attained with the composite SRG/ZnO:F transparent produced uniform PIms with good reproducibility. A cat-
conductor ' alytic oxide was needed to dehydrate the ethanol and start

PIm growth on bare glass substrates. The PIm growth rate
increased with precursor concentration, but the deposition
efbciency became lower. The growth rate decreased with
Buorine dopant concentration. The bPIms were polycrys-
talline and highly oriented with the-axis perpendicular to
Voc Vs BoHg flow the substrate. The crystallites were pointed columnar with
0.87 diameters between 100 nm and 500 nm and height of about
28 nm. The resistivity decreased with the bPIlm thickness.
0.86 - The aging time of the zinc and Ruorine precursor solution
affected the electrical and optical properties of the bIms.
0.85 1 The mobility decreased with dopant concentration and was
optimized at about 480D50C. The mobility was about
0.84 45 cnf/Vs. The electron concentration increased with
dopant concentration and decreased after a maximum was

FF vs BoHg

D/—D/D

—3F— Asahi SnOp
—>— ZnO:F

70

—O— Sn0,/Zn0O

65

Fill Factor (%)

60 I I I

B, Hg flow (sccm)

ifferent transparent conductors, as a function of the boron doping
level in the p-layer

ry

We successfully deposited highly transparent conducting

Voc (volts)

0.83

0.82

—+— Asahi SnOyp
—o—  ZnO:F

—o— Sn0/Zn0O

2 3 4
B,Hg Flow (sccm)

reached. The electron concentration was up to B*%cm®,

The resistivity was as low as 5 10°*Wem. Film absorp-
tion decreased with increasing ethanol concentration, but
the conductivity and the texture of the blms decreased
when the ethanol concentration was too high. The optimum
zinc to ethanol molar ratio was about 1:20. Visible
absorption was only 3Db4% at a sheet resistance \W 7
square. The diffuse transmittance can be varied from about

Fig. 16 Open circuit voltages for amorphous silicon solar cells 1D10% at 6,50(fJAWe conclude the excellent electrical

grown on Fhree dif'f(_arent transparent conductors, as a function of th%nd optical properties of the ZnO:F PIms, together with
boron doping level in the p-layer
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good uniformity and reproducibility, makes it an attractive 15.

candidate for many applications as a transparent conductor,
Application to more efbcient amorphous silicon solar cells
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