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Properties of ZnO/Al,O5 Alloy Films Grown Using Atomic
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By varying the ratio of the constituents, compound films can exhibit a widely tunable range of physical properties. Atomic layer
deposition(ALD) techniques are based on sequential, self-limiting surface reactions and can grow compound films. In this study,
ZnO/Al,O; alloy films were prepared using ALD techniques. By adjusting the ALD pulse sequence, the Z89&Nby film
composition was varied from 0-100% ZnO. These Zn@@Alalloy films are expected to display varying properties because ZnO
and ALO; have very different physical properties. For example, ZnO is a conductor ai@; Ad an insulator. The physical
properties of the ZnO/AD; alloys were explored using a variety of techniques. The growth rate, refractive index, composition,
surface roughness, crystallinity, resistivity and density of the Zng@Aklloy films could be continuously tuned over the full
range of values defined by the pure oxides. The refractive index variednfren®2.00 for pure ZnO tm = 1.64 for pure A}O;.

The resistivity could be tuned over 18 orders of magnitude from?1@ cm for pure ZnO to 18 Q cm for pure ALO;.
Anomalies in surface roughness and densityZn content were observed at a Zn content~6f6%. These anomalies were
attributed, in part, to the etching of Zn by (@Hs)5 during the ZnO/AJO; alloy film growth.
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The physical properties of compound films can be tuned by ad-a[,0Q; films can be deposited with atomic layer control by repeating
justing the relative proportions of the constituent materials. Thisthese reactions in an ABAB... sequence.
strategy has been employed to control numerous thin film properties  zno and ALO, exhibit very dissimilar physical properties as
such as refractive indek,dielectric constart, lattice constant, given in Table I. ZnO ALD films are conducting, crystalline, and
hardnes$, charge storage capacityand surface roughne&sThe rough*“7 Al,O; ALD films are insulating, amorphous, and
ability to engineer films with specific physical characteristics im- smoofh‘?a‘52 Bécaguse of these differences, the’physical proplerties of
pacts adbrc_)ad_rggge of tlechnol_o%igs. These tecr%tmolo%iei inclulde ir?nO/AIZOS alloys may span a broad range of values. Fortunately,
::)eagrrri[f Cogii(;]unél,‘lzoptoe ectronics;” gas sensors;™ and therma optimal growth rates for ZnO ALD and AD; ALD are achieved at

gs: nearly the same deposition temperatures and reactant exposures.

These similar reaction conditions facilitate the growth of the

Atomic layer depositiotALD) is a useful technique for growing
compound films. ALD relies on a binary sequence of self-limiting .
surface chemical reactiod®'* These reactions typically occur be- ZnO/AIZ/Oi" alloy Iflllms. | h licati
tween a gas-phase precursor and a solid surface. Films can be de. ZnOIAl,O; alloy films may have numerous applications.
posited by repeating the binary reaction sequence in an ABAB../Aluminum-doped ZnQAI:ZnO) may provide a low cost alternative
fashion'®14 Over the last 10-15 years, ALD methods have been [0 indium tin oxide(ITO) as a transparent conducting material for
. 3 . 4 . .
developed to deposit numerous materfdiFhe resulting films are  flat panel d|splayr§%%gd solar ce!lé. The_ZnALOj; spinel is a
usually dense, pinhole-free, and extremely conformal to the underWidely used cataly$t ™" and catalytic suppdtt material and ZnO is
lying substrate. ALD methods also have been used previoush2" important semiconducting material for gas .sené%?g.Novel
to deposit compound films including nanolaminate¥-2%  catalysts or gas sensors may result from depositing ZDAbr ZnO
alloys?37:82434complex oxides>3” and doped materiaf§:* on nanoporous substrates. ZnO and@y are both high bandgap
ZnO/Al,0O; alloys are ideal for exploring the structure-property materials and are transmissive to visible light. Therefore,
relationships of ALD compound films. Well-established ALD ZnO/Al,O; alloy films may benefit optoelectronic applications by

methods exist for depositing both ZAS" and AL0;*85? films. allowing the control of refractive index and surface roughness.

ZnO ALD is performed using alternating ZBH,CHs), and H,0 ZnO/Al,0; alloy films with tunable resistivity may also improve the

exposure¥-47 reliability of microelectromechanicdMEMS) devices by prevent-
ing static charge buildup.

(A) ZnOH* + Zn(CH,CHz), — ZnOZNCH,CHg)* + CHyCHs This investigation explored the physical properties of the

[1] ZnOJ/Al,O5 alloy films. A set of ZnO/A}O; alloy films was pre-
pared where the percentage of ZnO cycles used to prepare the
(B) Zn(CH,CHz)* + H,0 — ZnOH* + CHZCH;, [2] ZnOJ/Al,O5 alloys was varied from 0—100%. Ellipsometry, stylus
profilometry, atomic emission spectroscopy, atomic force micros-
SQPY; X-ray diffraction, four-point probe, mercury probe, anditu
hquartz crystal microbalance measurements were performed to evalu-
ate the film properties. These measurements enabled the determina-
tion of the refractive index, surface roughness, crystallinity, resistiv-
ity, and density of the ZnO/AD; alloy films vs. film composition.
The influence of the percentage of ZnO cycles on the thickness and
composition of ZnO/AJO; alloy films was examined in a previous
study®?

where the asterisks represent the surface species. By repeating th
reactions in an ABAB... sequence, ZnO films can be deposited witl
atomic layer control. AlO; ALD is performed using alternating
Al(CH;); and HO exposure®52

(A) AIOH* + Al(CHg)3 — AIOAI(CH3)} + CH,  [3]
(B) AICH? + H,0 — AIOH* + CH, [4]

Experimental

* Electrochemical Society Active Member. Viscous flow reactor for atomic layer depositieAThe
2 E-mail: Steven.George@Colorado.edu ZnOJAl,04 alloy films were prepared in a viscous flow ALD reactor
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Table I. Physical properties of ZnO and ALO, ALD films pre- back surface of the sensor crystal. This nitrogen flow prevented

pared in a viscous flow ALD reactor at 177°C. Surface roughness deposition on the back side of the sensor. A Maxtek TM400 film
(rms) is for films deposited using 600 ALD cycles. thickness monitor interfaced to a computer measured the QCM sen-
sor signals. The thickness monitor and interface allowed mass mea-

Physical property ZnoO Al,O5 surements with a 0.375 ng/émresolution at 10 Hz. Assuming a ZnO
— — p density of 5.6 glcry this mass resolution equates to a thickness

Resistivity ({2 cm) 8 x 10 ~10! resolution for ZnO of 0.007 A.

Refractive index 2.00 1.64

Density.(g/cmg) 5.62 291 Ex situ measurements-Elemental analysis was performed on

Crystalline phase Hexagonal Amorphous  the ZnO/ALO; alloy films deposited on §100) by dissolving some

RMS surface roughnegsm) 2.16 0.25

of each film in a 5% hydrofluoric acid/water mixture. The resulting
solutions were analyzed by inductively coupled plasth@pP)-
atomic emission spectroscopfES). The AES investigations deter-
mined the Zn and Al concentrations in each film. These AES mea-
assembled using stainless steel components and conflaf$&aks.  surements allowed the molar Zn content to be evaluated using
sample substrates were placed in the flow tube with a 1.4 in. inside

diameter that was resistively heated to 177°C. A flow~@00 sccm Zinc film content(%) = [Zn/(Zn + Al)]-100% [5]

of filtered, ultrahigh purity nitrogen at a velocity f2.5 m/s and a

pressure of-1 Torr transported the gaseous reactants to the SUlC’i/vhere Zn and Al are the atomic concentrations of these elements.

strates and swept the_ reactio_n produc@s into a mechanical pump. The Thickness measurements were performed using a Dektak 3 stylus
flow reactor was equipped with three independent reactant channel rofilometer. Steps were created in the ZnQ@\ alloy films using

employing computer-controlled solenoid valves to inject the diethyl one of two methods. For the films containing higher Zn percentages,

zinc (DEZ), trimethyl aluminum(TMA), and HO precursors into ; . . :
the nitrogen carrier gas. These studies employed Akzo Nobel semi§l line of Shipley AZ5214E photoresist was applied on top of the

- - ) alloy film and cured at 100°C for 60 s. Subsequently, the unpro-
conductor grade DEZ and TMA and Fisher Optima purigCH  tected film was etched away in 10% nitric acid. The photoresist was
ZnO ALD and ALO; ALD were performed using alternating

¢ i then removed by sonicating the sample in acetone. The ZpO4Al
DEZ/H,0 and TMA/H,0 exposures, respectively, as given by Ed. zjjoy films containing=25% Al were insoluble in 10% nitric acid.
1-4. Figure 1 illustrates the reactant pulse sequence employed tathough these films could be dissolved in hydrofluoric acid, the
deposit a ZnO/AJO; alloy film with a ZnO cycle percentage of hydrofluoric acid also dissolved the photoresist. Consequently, a
67%. The DEZ and kD pulses alternate and every third DEZ pulse spot of Shipley AZ5214E photoresist was placed on th@ (&)
is substituted with a TMA pulse. Consequently, 67% of the metal substrates prior to film growth. After the deposition of these alloy
alkyl pulses are diethyl zinc pulses. Throughout these experimentsfilms, the photoresist was removed by rubbing the sample with an
the shortest possible pulse sequence was used to obtain the desirgdetone-soaked cotton swab.
ZnO cycle percentage. By interposing the TMA pulses as often as  Sheet resistances for the ZnOJ@% alloy films deposited on the
possible while maintaining the desired ZnO cycle percentage, thejlass substrates were measured with a four-point probe. To compute
resulting ZnO/A}O; alloy should be nearly homogenous. the resistivity from the sheet resistances, the film thicknesses were
The ALD ZnO/Al,O; alloy films were deposited on glass and determined using the stylus profiler. The alloy films containing
n-doped Si100) substrates. Reactant exposure timesenkers and  =30% Al were too resistive to allow the four-point probe measure-
purge times varied between 2-5 s after reactant exposures. Prior tments. Consequently, current-voltage measurements were performed
deposition, the glass and Si substrates were degreased using a b these films deposited on n-dopedl18D) substrates using a mer-
min dip in a piranha solution containing 70 mL &0, and 30 mL of cury microprobe and a picoammefér.

ALD growth rate(A/cycle) 2.01 1.29

30% H,O, in H,O. Subsequently, the @00 substrates were The surface topography of the alloy films was measured using a
etched in a clean room grade, 5% HEsolution for 1 min to ~ Thermomicroscopes Autoprobe CP atomic force microscope in in-
remove the native SiQlayer. termittent contact mode. X1 um images were recorded and the

The ALD viscous flow reactor was equipped with a quartz crystal '00t mean square@ms) roughness was evaluated for each image as
microbalance(QCM) allowing in situ film growth measurements. described preV|oqsl§/.The thicknesses and refractive indexes for the
Polished QCM sensors from Colorado Crystal Corporatjmart no.  alloy films deposited on §100) substrates were measured using a
CCAT1BK-1007-000 were mounted in a Maxtek BSH-150 bake- Rudolph Research Auto EL ellipsometer at a wavelength of 632.8
able sensor head attached to a 2.75 in. conflat flange. The sens8f- The crystallinity of the alloy films was evaluated with X-ray
head was modified to provide a nitrogen flow-e20 sccm over the  diffraction (XRD).

Results

L Thickness, composition, and phaseé\ set of ZnO/ALO; alloy
> [« I sExposure films was deposited on @00) substrates using a total of 600 ALD
I_l I"I ” cycles. The ZnO cycle percentage was varied from 0—100%. Figure
DEZ | 2 shows the thicknesses measured for the alloy films using ellipsom-
I etry (solid circles and stylus profilometry(open triangles The

—)E E(— 2-5 s Purge

ZnO/Al,O5 alloy film thickness is relatively constant at740-800

n ﬂ |_| I-l ” ”— A for ZnO cycle percentages below80%. Subsequently, the film
H,0 L thickness increases sharplyta1120-1270 A for films using a ZnO
cycle percentage o£95%.
The average growth rates for pure ZnO and purgDAIALD in
TMA ﬂ ﬂ the viscous flow ALD reactor are 2.01 and 1.29 /-\/cycle,

respectively’! Consequently, the ZnO/AD; alloy film thicknesses

can be predicted using the rule of mixtures formula:
Percentage of ZnO Cycles = 67%

Thickness= 600 cycles[(2.01 A/Cycle%ZnO
Figure 1. Diagram of ALD pulse sequence for depositing ZnQ/@{ alloy
film where the percentage of ZnO cycles is 67%. + (1.29 Alcycle (100 — %Zn0)]/100 [6]
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Figure 2. Thickness after 600 AB cycless. percentage of ZnO cycles used
to grow the ZnO/AJO; alloy film. The thickness was measured using ellip-
sometry(solid circleg and stylus profilinglopen triangles the AES measurements using Eq. 5. The results are given by the
solid squares in Fig. 3.
The expected Zn content can be calculated using the rule of

. .. mixtures formula
where % ZnO is the percentage of ZnO cycles. The dashed line in

Fig. 2 shows the thicknesses predicted by Eqg. 6. The measured Zn film content(%) = p,%ZnO/ p 7,%ZN0O
thicknesses are substantially below the predicted values over most " "
of the range of ZnO cycle percentages. + pa(100 - %Zn0O))-100 [7]
Portions of the ZnO/AIO; alloy films prepared on §100) sub-
strates using 600 AB cycles at 177°C were dissolved in hydrofluoric ; ; _ 4 _
acid. The Zr? and Al co?]/centrations in the solutions were é/etermine ; th|s4 equation, pz, = 8.34 X 10" atom/cnt and pu = 444
o : 10" atom/cnf. These are the Zn and Al atomic densities depos-
using ICP-AES. The Zn content for each film was calculated from. -
ited during each ALD cycle for the pure ZnO and,®; com-

pounds, respectiveR} For ZnO cycle percentages85%, the mea-
sured Zn content falls below the values predicted by Eq. 7. The gray
——r 7777 — T shaded region in Fig. 3 indicates the range of ZnO cycle percentages
100 f- where etching was observed during QCM measurenfénthis
r ] ICP AES ] etching was evident as a mass loss coincident with each TMA ex-
o7 f. posure during the ZnO/AD; alloy film growth.
Figure 4 shows the X-ray diffractograms for the ZnG/®4 al-
loy films deposited using 600 AB cycles at 177°C 01180 sub-
strates. The strong peak a®2= 33° and the small peak at 62° in
| the diffractograms arise from the ($00 substrate. The accepted
s L locations of the hexagonal ZnO and cubic Zp@J diffraction
| 7 | peaks are indicated by the solid lines with open circles and open
squares, respectively. The top trace shows the diffractogram for the
/ | pure ZnO film.
, The peaks at @ = 32°, 34°, 36°, and 56° in Fig. 4 are all
/ i characteristic of hexagonal ZnO. The height of the ZnO peak at 56°
’ increases slightly when the Zn content decreases from 100 to 99%.
/ n i As the Zn content decreases from 99 to 89%, the ZnO features
4 1 reduce in intensity, broaden, and shift to larger angles. Diffraction
’ | peaks from the cubic phase of the Zp@®), spinel structure are
’ - absent from all of the diffractograms. An unidentified diffraction
peak appears at 40° for the alloy films containing 95 and 91% Zn.
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. ) | L e ] Electrical and optical properties—The solid circles in Fig. 5
plot the resistivities of the ZnO/AD; alloy films prepared using
0 10 20 30 40 50 60 70 80 90 100 600 AB cycles at 177°C. The resistivities were measured using four-
Percentage of ZnO Cycles (%) point probe techniquess. the Zn content as determined from the
AES analysis. The resistivity of the pure ZnO films is 11072 Q
Figure 3. Zn contentvs. percentage of ZnO cycles used to grow the cm. The resistivity decreases for small additions of Al and reaches a
ZnO/Al,O5 alloy film. The Zn content was determined using ICP-AES. minimum value of 2.2< 1072 ) cm at 98% Zn. The resistivity then
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Figure 5. Four-point probe measurements of the resistivity of ZnQDAl Figure 7. Resistivity of ZnO/ALO; alloy films measured using the four-
alloy films vs. Zn content. point probe and the mercury probe.
increases for lower Zn content. The ZnOJ@% alloy resistivity in- The resistivities of the ZnO/AD; alloy films can be estimated
creases to 1.x 107 Q cm for films containing 76% Zn. from the |-V curves in Fig. 6. Most of thd-V curves show a

The ZnO/ALO; alloy films with <75% Zn were not sufficiently ~ pronounced nonlinearity and the current densities measured at nega-
conducting to allow four-point probe measurements. Current-voltagdive voltages are much lower than at positive voltages. In contrast,
measurements were performed on these alloy films using a mercurthe 1-V curves measured using the mercury probe for films with
microprobe and picoammeter. Figure 6 displays current voltage=75% Zn content deposited on glass were linear and nearly sym-
curves for five ZnO/AJO; alloy films containing 82, 70, 64, 34, and metric with respect to thg axis. These mercury probe measure-
2.0% Zn deposited on n-doped(8)0 substrates using 600 AB ments also yielded resistivities similar to those obtained using the
cycles at 177°C. Figure 6 shows that the current density at a giveriour-point probe. This similarity indicates a negligible contact resis-
voltage decreases with decreasing Zn percentage. tance at the mercury-alloy film interface. These findings suggest that

the asymmetry observed for the films deposited ofi®) arises
from a rectifying junction at the Si-alloy interface. This junction
LA R E S S B S B B R L L may introduce a contact resistance in series with the alloy film re-
F ,esseer*® 82% Zn Content 3 sistanceRr = Rc + R whereRy is the total resistanc&c is the
-* 70% : contact resistance, ari®k is the film resistance.

The slope of the linear portion of theV curve for the 82% alloy
film at >2 V in Fig. 6 yieldsR; = 2.7 X 10° Q. The resistance of
the 82% alloy film can be calculated usiiR: = pd/A where
p=7.9 QO cm is the resistivity measured using the four-point
probe,d = 1030 X 1078 cm is the film thickness, and = 4.32
X 1072 cn? is the area of the mercury probe. This equation yields
Rr = 0.019Q. The contact resistance can then be determined using
Rc = Ry — Re ~ 2.7 X 10° Q. Assuming thatR; remains con-
stant with Zn content, the resistivities of the alloy films can be
calculated from the linear portions of theV curves in Fig. 6 after
34% 3 subtractingRe ~ 2.7 X 10° Q. The results are displayed in Fig. 7.
Figure 7 demonstrates that the resistivity increases nearly exponen-
tially with decreasing Zn content to 17 10'6 Q cm at 2.0% Zn.

‘ Figure 8 presents the refractive index values for the ZngAl
alloy films deposited on $100) using 600 AB cycles at 177°C.
These values were obtained using ellipsometry. The refractive index

10" F

...a

<
%

y

—_
<
&
m

IR IR RO P

Current Density (A/cm?)
)

S
-3
{
>
-
-«
d
<1f
o
o
N
ol v ovuml

I:" | . | . decreases monotonically from= 2.00 at 100% Zn tan = 1.64
1ot e e for the pure A}O; film. The solid square at 33% Zn marks the
0 2 4 6 8 10 location of the refractive index ofi = 1.78 expected for cubic
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Figure 6. Current-voltage curves measured using the mercury probe for ~ Surface roughness and densityThe ZnO/ALO; alloy films de-
ZnO/Al,O; alloy films with 82, 70, 64, 34, and 2.0% Zn content. posited on Sil00) substrates using 600 AB cycles at 177°C were
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Figure 8. Refractive index of ZnO/AIO; alloy films vs. Zn content mea-
sured using ellipsometry.

analyzed using AFM techniques. Figure 9 shows the topography for
1 X 1 pwm AFM images for alloy films with compositions of 0, 76,
and 100% Zn. The light-to-dark ranges for these images are 2.0, 26
and 19 nm, respectively. Root mean squdireas) roughness values
calculated from AFM images of ZnO/AD; alloy films with Zn
contents ranging from 0-100% are shown in Fig. 10. The rms rough-
ness of the pure AD; sample is 0.25 nm. In comparison, the rms
roughness of the uncoated(8)0 substrate is~0.12 nm. The rms
roughness increases with increasing Zn content to 2.2 nm at 100%
Zn. In addition, a distinct peak appears at 76% Zn where the surface
roughness increases to 3.8 nm.

Densities for the ZnO/AlO; alloy films were calculated by com-
bining the profilometry thickness measurements with the quartz
crystal microbalancéQCM) measurements. The thickness deposited
per AB cycle was obtained using the profilometer thickness mea-
surements in Fig. 2. The mass deposited per ALD cycle was ob-
tained using thén situ QCM to measure the mass increase for each Figure 9. AFM images of ZnO/AJO; alloy films containing 0(2.0 nm z
of the ZnO/ALO; alloys during~100 ALD cycles. Figure 11 plots ~ scalg, 76 (26 nm z scalg and 100%(19 nm z scalgZn.
the mass deposition rate obtained from thesitu QCM measure-
ments as a function of the Zn content determined from the AES
analysis. The mass deposition rate of the purgDAlfilm was 37.6
ng/cnticycle. The mass deposition rate increases with increasing Zn
content and was 113 ng/éfaycle for the 100% Zn film. In this equation, my,o = 113x 10°° g/cnf/cycle and May,0,

The solid circles and solid line in Fig. 12 show the ZnGQ@{ = 37.6% 1079 glcnficycle are the masses deposited per ALD

alloy film densities pbtained by dlividing the mass deposited Percycle for pure oxide films obtained from QCM measureméhts.
ALD cycle by the thickness deposited per ALD cycle. The density Gyo = 2.01% 108 cmicycle andGy.o, = 1.29% 108 cm/
. ,0, .

of the 100% ZnO film is 5.62 g/ctn The density decreases with
decreasing Zn content to 2.91 gféror the pure A}O; film. In
addition, there is a pronounced reduction in the density between 7
and 82% Zn The density reduces to 3.16 gl@n76% Zn. In com-
parison, the solid square at 33% Zn content marks the location of th
4.58 g/cni density expected for cubic Zng®D, spinel®*

The expected density for the ZnOA&); alloy films can be cal-
culated using the rule of mixtures formula

100% Zn
19 nm Z Scale

cycle are the thicknesses deposited per ALD cycle for the pure
6)xides‘.31 The dotted line in Fig. 12 shows the rule of mixtures
density predicted for the ZnO/AD; alloy films using Eq. 8. The Zn
gontent is obtained from % ZnO using the relationship between Zn
content and % ZnO shown in Fig. 3. The measured densities are
significantly lower than the densities predicted by Eq. 8 over most of
the range of Zn content.
The alloy film densities can also be predicted from the measured
refractive indexes in Fig. 8 using Lorentz-Lorenz analj3f& The
Mzno% ZNO + My 0,(100 — % ZnO) - Lorelétzf-ll_or;anz aﬂalys(ijs %valluatels thef refractiv; intf:ie;]( of a com-
Density = 8 pound film from the individual molar refractivitiey, of the com-
v Gzno% Zn0 + GA|203(100— % ZnO) ponents. The molar refractivity of a single component is given by
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Figure 10. RMS surface roughness of ZnO,8; alloy films vs.Zn content
determined by AFM measurements.

w(n? — 1)

T o2+ 2) 9]

wherew is molecular weightp is density, and is refractive index.

The molar refractivity of a ZnO/AlO; alloy film is given by

Weim(n? — 1)
Afim = XznAzno + (1 = Xzno) A0, = ——5——

Figure 11. Mass deposition rate of ZnO/4D; alloy films vs. Zn content
determined byin situ QCM measurements.

The smaller thicknesses are explained, in part by the nucleation
behavior that occurs when making the transition between ZnO and
Al,05.51 Both ZnO ALD growth on A}O; and Al-doped ZnO sur-
faces and AIO; ALD growth on ZnO and Zn-doped AD; surfaces
require numerous AB cycles to obtain the bulk ZnO ang{IALD
growth rates.

The Zn content shown in Fig. 3 is also below the rule of mixtures
prediction given by Eq. 7 for most of the ZnOML&; alloy films.
The lower than expected Zn content is attributed to the etching of Zn

Prim(N% + 2)
[10]

In this expressionXz,o is the mole fraction of ZnO in the film and
Wrim andpgim are the average molecular weight and density of the
film, respectively.

The mole fraction of ZnO in the alloy film can be obtained from
Xzno = Znl(Zn + 2Al) using the Zn and Al concentrations in the
alloy films determined by the AES analysi;,,o and Ani,0, Were

determined from Eq. 9 using the refractive index and density mea-
sured for pure ZnO and AD; films, respectively. The molar refrac-
tivities were Az, o = 7.24 and Ani0, = 12.62. The molecular

weight for the film,wg;,,, was calculated using,,o and the molecu-
lar weights of ZnO and AlO;.

Equation 10 can be rearranged to predict the density of the alloy
film as a function of the measured refractive indexes. The densities
predicted for the ZnO/AIO; alloy films using the Lorentz-Lorenz
analysis are given by the dashed line in Fig. 12. The Lorentz-Lorenz
formula predicts the alloy densities reasonably well between 0—65%
Zn. However, Eq. 10 fails to account for the distinct reduction in
density at 76% Zn. Equation 10 also underestimates the densities ¢
the alloy films between 85-98% Zn.

Discussion

Thickness, composition, and phasd-igure 2 shows that the
thicknesses measured for many of the ZnQ@l alloy films are
significantly below the thicknesses predicted by the rule of mixtures
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formula given by Eq. 6. The alloy films are thinner than the expec- Figure 12. Densityvs.Zn content for ZnO/AJO; alloy films determined by

tations from the growth rates for pure ZnO and,@4 ALD films.

QCM and stylus profiler measurements.
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ZnOH* + Al(CHz)3 — Al(OH)(CH3)* + Zn(CHy), [11] the ellipsometric data using the known surface roughnesses pre-
sented in Fig. 10.

The refractive index measured for the 34% alloy film in Fig. 8 is

The gray shaded region in Fig. 3 indicates the range of ZnO cycleh = 1.66. This value is significantly below the literature value of
percentages where etching was observed during QCM measureg+ = 1.78 for the ZnA}O, spinel. This large difference suggests that
ments. This etching region coincides with the distinct reduction inthe spinel phase does not form under the ALD conditions used to
Zn content in Fig. 3 and alloy film thickness in Fig. 2 compared with prepare the ZnO/AD; alloy films. The X-ray diffractograms in Fig.
the rule of mixtures predictions. 4 also provide no evidence for the cubic Zp@), phase. In addition,
Previous investigations have established that ZnO ALD grows inFig. 12 shows that the density of the 34% alloy film is well below
the hexagonal crystalline pha&e!’ In agreement with these previ-  the value of 4.58 g/chexpected for the ZnAD, spinel.
ous studies, the diffractogram for the film with 100% ZnO shown i aqditional measurements could provide a more detailed under-
Fig. 4 displays strong peaks a®2= 32° and 56° that are consis-  standing of the electrical and optical behaviors of the Zngal
tent with hexagonal ZnO. The@ = 56° peak height increases ga|ioy films. For instance, optical reflectivity measurements could
slightly when the Al content increases tel%. This increase may probe the variation in bandgap with Zn content allowing an exami-
result from a slightly thicker film after 600 AB cycles at 177°C and nation of the transition between semiconducting and insulating be-
larger ZnO nanocrystals in the film. In support of this explanation, hayior, Capacitance measurements performed using the mercury
the profilometry measurements in Fig. 2 show a 7% thickness in'probe could determine the variation in permittivity of the

crease from 1185 to 1269 A when the ZnO cycle percentage is'ZnO/AI203 alloy films vs.the Zn content. The resistivity values in

0,
reduced from 100 to 97.5%. Fig. 7 derived from the mercury probe measurements assume a con-

The .ch.) d'ff“?c“F’” peaks in Fig. 4 decrgase in h'e|ght and IN" stant contact resistance at the interface between the Si substrate and
crease in width with increasing Al content. This behavior suggests 3he alloy film. This assumption could be verified by performing

loss of crystallinity. The ZnO/AlO; alloy films appear to be amor- supplementary resistance measurements on ZpOAklloy film
phous for Zr) conFenF%Sl%. These obfservatlon%are consistent test structures employing vapor deposited Ti/Au electrodes. Ti/Au
with the previous f|7nd|ngs that ZnO ALD is crystallifieand ALO; electrodes form an Ohmic contact with a very low contact resistance
ALD is amorphou§’ under these growth conditions. In the Zn con- when vapor deposited onto Al-doped ZnO filts
tent range of 100-89% where the alloy films display crystallinity, the '
ZnO diffraction peaks shift to larger angles with increasing Al con-  Surface roughness and densityPrevious investigations have
tent. According to Bragg's lam\ = 2d sin®, a decrease in lattice shown that ZnO ALD films roughen considerably with increasing
spacingd, will lead to an increase in the detected peak posittdn,  thickness as a result of the growth of ZnO nanocry<tatscontrast,
The Zr?™" ionic radius is 0.72 A and the At ionic radius is 0.53 A. Al O3 ALD films deposit in an amorphous form and remain remark-
As predicted by Bragg’s law and the smaller ionic radius ot*Al ably smooth with increasing thickne¥3he surface roughness of a
the ZnO XRD peaks shift to larger angles with increasing Al con- particular ZnO film thickness can be made progressively smoother
tent. by interleaving AbO5 layers in the ZnO film to increase the number
of ZnO/AI, O, interfaces The progressive smoothing of the film
surface is accompanied by a simultaneous reduction in the intensity
of the ZnO diffraction peaks observed in grazing incidence XRD
measurement€ These results suggest that the ZnO nanocrystal
growth is interrupted by the AD; layers. This interruption results
in smoother, more amorphous films.
In agreement with these previous results, Fig. 10 shows that the
O/Al,04 alloy films become smoother with increasing Al content.
However, the prominent peak in rms roughness at 76% Zn content is
percentage53.68 unexpected and may indicate the formation of a new crystalline
' phase. Contrary to this expectation, the XRD measurements in Fig.

The XRD results shown in Fig. 4 also reveal that thé "Atlop- - ;
ants perturb the ZnO lattice. This perturbation creates scattering4 indicate that the ZnO/AD; alloy films are amorphous at 76% Zn.
An alternative explanation for the peak in rms roughness shown

sites that decrease the electron mobility and ultimately increase the Fio. 10 be found in the densit ts of Fig. 12
resistivity. In addition, excess Al doping can create nonconductinggx ;31 ded \(/:izr\:vs %f ?huense Itr\:vo gataeg‘:'tgarpeegjureeﬂ?ner:):eg inllg:]i. 1'3
Al,O; clusters that do not produce electron dorfSr€ When the P P P 9. 2o

Zn content is<98%, Fig. 5 and 7 show that the resistivity of the The open squares and datted line plot the rms roughness values. The
ZnOJALO; alloy film increases nearly exponentially with decreas solid circles and solid line display the density measurements. Figure

; 2>3 A S " 13 clearly shows that the peak in rms roughness coincides with the
ing Zn content. The resistivity of the 2.0% Zn film is 17 10'¢ O y P g

. R o reduction in density. Furthermore, these two features are fairly well
cm. This value is similar to the resistivity measured for purgd3l  pracketed within the range of compositions where etching was ob-

ALD films.® The presence of only a few percent of Zn i@k has  gerved by thén situ QCM measurement®. This range is indicated
a negligible effect on the resistivity of the A5 films. by the dashed lines in Fig. 13.

The refractive index of the ZnO/AD; alloy films decreases The increased roughness and decreased density may result from
monotonically and relatively smoothly from = 2.00 ton = 1.64  the etching process. The etching of the ZnQ@y alloy films by the
with decreasing Zn content as shown in Fig. 8. The refractive in-TMA pulses appears to remove selectively Zn atoms. This selective
dexes measured for the pure ZnO and@J ALD films agree well removal results in a sudden drop in Zn content below the rule of
with previous measurements of= 1.95 for Zn& andn = 1.65" mixtures estimate shown in Fig. 3. The etching may occur by the
for Al,O; ALD films. There is a rapid drop in refractive index reaction given in Eq. 11. The removal of Zn atoms will leave voids
between 100—-95% Zn. This reduction is not accompanied by a sithat roughen the film surface.
multaneous reduction in density in Fig. 12. However, the crystallin-  Aline scan analysis of the AFM image for the 76% Zn alloy film
ity decreases significantly for the alloy films between 100-95% Znin Fig. 9 reveals peak-to-valley thickness changes that&?@0 A
content as shown in Fig. 4. These findings suggest that the refractivavithin a lateral spacing of~100 nm. These topographical changes
indexes of these Zn-rich films are more affected by crystallinity thanare too abrupt to be detected accurately by the stylus profilometer
density. The refractive index and thickness values determined usingrobe tip. The profilometer tip will ride over these surface features
the ellipsometer could be determined more accurately by modelingand yield thicknesses that are too large. These larger thicknesses

Electrical and optical properties—Figure 5 shows that the resis-
tivity of the ZnO/Al,O; alloy film decreases when doped with small
amounts of Al.  This phenomenon has been observed
previously**5368The improved conductivity of the ZnO films re-
sults from the n-doping of ZnO by Al iorfé:°368When a Z4™" ion
in the ZnO lattice is replaced by an%lion, the AF* contributes
an extra valence electron as a charge carrier. This theory is S
ported by Hall probe measurements of Al:ZnO ALD films that ex-
hibit an increase in charge carrier density for small Al
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