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This article describes a new atomic layer deposition (ALD) method for preparing indium tin oxide (ITO) thin
films using nonhalogenated precursors. The indium oxidgognwas deposited using alternating exposures
to cyclopentadienyl indium (InCp) and ozone, and the tin oxide ¢bn€ed alternating exposures to tetrakis-
(dimethylamino) tin (TDMASN) and hydrogen peroxide. By adjusting the relative numbep®©f &amd SnQ@

ALD cycles, we deposited ITO films with well-controlled Sp€ontent. The ITO films were examined using

four-point probe and Hall probe measurements, spectrophotometry, ellipsometry, scanning electron microscopy,

atomic force microscopy, X-ray fluorescence, and X-ray diffraction. The lowest resistivity 184 Qcm)

and highest optical transparency (92%) were obtained for films containing 5% $h® ITO films were
slightly thinner and contained more Sxpan expected on the basis of rule-of-mixtures predictions. In situ
measurements revealed that these discrepancies result from an inhibition of@hgrmwth following the
SnQ doping layers. This new ALD method is suitable for applying ITO layers on very high aspect ratio
nanoporous membranes to be used in photovoltaic or spectroelectrochemical applications.

Introduction metal oxide coatings onto porous supports such as anodic
aluminum oxide (AAO) membranes to synthesize dye-sensitized
solar cells'* As part of this effort, we have developed new
methods for depositing ALD k®s films using alternating
exposures to cyclopentadienyl indium (InCp) and ozéaed

also SnQ films using alternating exposures to tetrakis(dim-
ethylamino) tin (TDMASN) and bD,.16 In this article, we
demonstrate how the ALD procedures fop@3 and SnQ can

be combined to make ITO thin films. We use in situ quartz
crystal microbalance (QCM) and quadrupole mass spectrometry
(QMS) measurements to investigate the ALD growth mecha-
nism. ITO films are deposited onto Si(100) and glass substrates
and examined using variable-angle spectroscopic ellipsometry

Indium tin oxide (ITO) is a transparent conducting oxide
material with a wide range of uses. Thin films of ITO are used
in transparent electrodes for flat panel displays, light-emitting
diodes, and solar cells. ITO is also used as a heat-reflecting
layer to improve the energy efficiency of architectural glass.
ITO thin films can be deposited in a variety of ways including
sputtering? spray pyrolysig,sol-gel methods,chemical vapor
depositiort, pulsed laser depositidrand atomic layer deposition
(ALD).58 ALD is a thin film growth method utilizing alternat-
ing, self-limiting chemical reactions between gaseous precursors
and a solid surface to deposit materials in an atomic layer-by-

layer fashiorf. This method can produce films with exquisite (VASE), optical transmittance, four-point probe and Hall probe

control over thickness and composition and allows precise measurements, atomic force microscopy (AEM), scannin
coatings to be applied on all exposed surfaces of nanoporous ’ Py ' 9

12 electron microscopy (SEM), X-ray fluorescence (XRF), and
squLteralt_(la%sf:JIrc]:qhs ?12\?:rtc))eégr?rprn(;gz?ggr;rlg/i?lfsrlr;btﬁ?f;lIg]CI X-ray diffraction (XRD). Finally, we demonstrate that these
SNCh, and either HO? or H,028 as the oxygen source. However methods are capable of conformally coating very high aspect

this method suffers from limitations including low growth rates, ratio AAG membranes suitable for solar cell electrodes.

high deposition temperatures, low volatility of InChnd the _ )

inconvenience of using halogenated precursors. The chlorinatedEXperimental Section

precursors as well as the HCI byproduct are corrosive and can . .
. . The ALD experiments used a viscous flow rea&tazon-

etch the substrates and damage the deposition equipment. Fogtructed from a circular, stainless steel flow tube with an inside

instance, large exposures to IgCan etch the deposited,Ds.6 ’

: LS . . . . diameter of 5 cm to hold the substrates for film growth as well
This behavior is especially problematic when trying to infiltrate : : o .
porous substrates where large reactant exposures are needed gocs) ntt?r?uglj:sllvl. l;';rsaehﬁurgﬂ”%/ t(hgeg%ﬁ)?,\? t/a)bglgtogenqaiasr?&vg;e
ensure diffusion throughout the substr&tEinally, halogenated yPp 9

precursors can form agglomerates during large exposures,Of 360 sccm and a pressure of 1 Torr. A constant reactor
leading to nonuniform depositd temperature was maintained by temperature controllers con-

We have recently started using ALD technigues to apol nected to resistive heaters attached to the outside of the reactor.
y 9 q PPY Eour separate heating zones were used to establish a uniform
- - temperature profile along the length of the flow tube to minimize
* Corresponding author. E-mail: jelam@anl.gov. . - -
t Argonne National Laboratory. artifacts caused by temperature transients during the QCM
* Northwestern University. measurements.
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SnG ALD was performed using alternating exposures to
TDMASN (Gelest,>95% purity) and hydrogen peroxide {6k,
Aldrich, 50 wt % in water). 16Oz ALD was performed using
alternating exposures to InCp (Strem, electronic grade 99299
In) and ozone. The ozone was produced using a commercial
ozone generator (Ozone Engineering L11) using a feed of
ultrahigh purity oxygen at a flow rate of 400 sccm to produce
~10% ozone in oxygen. The TDMASnN and InCp were held in
separate stainless steel bubblers maintained &C4@&nd the
tubing connecting the bubblers to the ALD reactor was heated
to 150 °C to prevent condensation of the precursors on the
reactor walls. Ultrahigh purity nitrogen at a mass flow rate of
60 sccm was sent through the bubblers during the reactant
exposures and was diverted to bypass the bubblers following
the reactant exposures.

The ALD timing sequences can be expressetlias2—t3—
t4 wheretl is the exposure time for the first precursi@js the
purge time following the first exposurts is the exposure time
for the second precursor, attlis the purge time following the
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exposure to the second precursor with units in seconds. On therigure 1. ALD growth rates for 120s (a), SnG (O), and ITO @)

basis of our previous studies, the timing sequence used#f0s In
ALD was 2—4—2-2, and the timing sequence used for $nO
ALD was 1-5—1-5. ITO ALD was accomplished by alternat-
ing between the InCp/9cycles for InO; ALD and the
TDMASN/HO; cycles for Sn@ ALD. The composition of the
films was controlled by adjusting the percentage of Sogzles
that were substituted for @3 cycles.

To enable in situ measurements during the ITO ALD, a QCM
was installed in the ALD reactor in place of the substrates. These
studies utilized a Maxtek BSH-150 bakeable sensor, AT-cut

versus deposition temperature. Potential ALD window for ITO growth
is indicated.

substrates. Optical absorption spectra were acquired from ALD
ITO films deposited on glass using the M2000V operated in
transmission mode. The resistivities of the ALD ITO films
deposited on glass were determined using a four-point probe,
and the carrier concentration and mobility were evaluated using
a Hall effect measurement system (Ecopia HMS-3000).

XRF measurements were performed using an Oxford Instru-

quartz sensor crystals with a polished front surface (Colorado ments ED2000 to determine the Sn and In contents of the ALD
Crystal Corporation, part no. CCAT1BK-1007-000), and a |TO films. To calibrate the XRF signals, a series of pure 8nO
Maxtek TM400 film thickness monitor interfaced to a personal and InOs films were prepared on Si(100) substrates and the
computer. The ALD reactor was also equipped with a QMS thicknesses of these films were determined using VASE
(Stanford Research Systems RGA300) located downstream ofmeasurements. Next, the Sn and In signals from these films
the QCM in a differentially pumped chamber separated from Were measured by XRF. By plotting the XRF signals for Sn

the reactor tube by a 3&m orifice and evacuated using a 50 and In versus the corresponding Sre@d InOs film thicknesses
L/s turbomolecular pump. measured using VASE, we obtained the calibration factors (XRF

The ALD films were deposited on & 2 cr? Si(100) and counts/A) for Sn and In. These calibration factors were used to

glass substrates. Before loading, the substrates were cleaned iffXract the effective thicknesses of Srihd InOs from XRF
an ultrasonicator using acetone and then 2-propanol and blownMeasurements performed on the ITO films, and the Sn and In
dry using nitrogen. After loading, the substrates were allowed contents were calculated using the known atomic densities of

to outgas in the ALD reactor for 10 min at the deposition these materials. ,
temperature (typically 275C) in 1 Torr of flowing ultrahigh AAO membranes (Whatman Anodisc 13) were also coated

purity nitrogen. Next, the substrates were cleaned in situ using PY ITO to evaluate the suitability of the new ALD ITO technique
a 60-s exposure to 10% ozone in oxygen at a pressure of 210 conformally coat porous materials. The AAO membranes had
Torr and a mass flow rate of 400 sccm. a thickness of 7:m and a pore diameter = 200 nm across

In our previous study of ks ALD, we observed a reactor most of the membrane thickness which transitioned te-a-1
conditioning effect in which the thicknesses of,M films um thick layer withd = 20 nm pores. Cross-sectional SEM

deposited immediately following the growth of a different analysis was performed on cleaved specimens of the coated

material, such as ADs; or SnQ, were thinner than expectédl. AAQ membranes.
To compensate for this effect, we always deposited a@®3n
buffer layer on the inside of the reactor usingd00 InCp/Q
cycles following deposition of a different material. After
depositing this buffer layer, we proceeded with the ITO such as ITO by ALD, it must be possible to deposit the
deposition experiments. component oxides (ks and Sn@) at a common temperature
SEM images were acquired using a Hitachi S4700 with a or range of temperatures. In other words, the ALD temperature
field emission gun electron beam source. AFM measurements“windows” for the component materials must overlap. Figure
were performed on a Digital Instruments Dimension 3000 with 1 shows that 1503 can be deposited between 200 and 460°
a NanoScope llla controller operated in tapping mode. XRD At lower temperatures thefdlecomposition shuts off, thereby
measurements were taken on a Rigaku Miniflex Plus diffrac- preventing deposition, and at higher temperatures the InCp
tometer. Ellipsometric measurements were performed using adecomposes. Sn@an be deposited between 50 and 3256
J. A. Woolam Co. M2000V VASE to determine the thickness The lower temperature limit is fixed by the TDMASN vaporiza-
and refractive index of the ITO films deposited on Si(100) tion temperature of 40C, while at higher temperatures the

Results and Discussion

A. Growth of ITO Films. To deposit a mixed-oxide material
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. Figure 3. SnQ content versus percentage of Sn€ycles for ALD
Figure 2. GVOV.V”‘ rate for ALD ITO versus pgrce_ntage_of Sycles ITO films determined by XRF. Dashed line shows expected SnO
determined using VASE®) and XRF (). Solid line guides the eye,  contant a5 calculated using a rule-of-mixtures formula.
and dashed line shows expected growth rates calculated using a rule-

of-mixtures formula. 2 ——

TDMASH begins to decompose. As Figure 1 shows, there should
be a temperature window for ITO ALD between 200 and
325°C. Consequently, a deposition temperature of ZZ%vas
selected for the initial experiments.

A series of ITO films were prepared on Si(100) using
300 ALD cycles at 275C in which the percentage of SpO
cycles was varied between 0 and 25%. The total thicknesses
of these films were determined using VASE measurements,
and the effective thicknesses of Snand InO; for the films
were calculated from XRF measurements using the calibration O snO
procedure described in the Experimental Section. The ITO ° | 2 I
growth rates determined from the VASE and XRF results I n;0s ]
are given by the circles and triangles, respectively, in Figure 2, L i
and the solid line guides the eye. The ITO growth rate decreases L .
steadily from 1.69 Alcycle for 0% SnQo 1.07 Alcycle for Ol L L
25% SnQ. There is fairly good agreement between the VASE 0 10 2 0 40
and XRF growth rate measurements for these ITO films. The ALD Cycles
dashed line in Figure 2 shows the anticipated ITO growth rates Figure 4. Growth rate versus ALD cycles measured using in situ QCM
based on a rule-of-mixtures formula and reveals that the during ITO growth using 10% SnQycles.
measured growth rates are below the rule-of-mixture estimates
for all of the ITO films. Next, QMS experiments were performed to explore the origin

Figure 3 presents the Sa@ol % for the ITO films versus for the inhibited 1RO3 growth following the Sn@cycles. Figure
the percentage of Sn@ycles as determined by XRF. The SnO  5a shows then = 66 signal from cyclopentadiene versus time
content increases steadily from 1.2 mol % Srad 2% SnQ measured during the ALD of ITO using 5% SnOycles at
cycles to 41 mol % Sngat 25% Sn@cycles. The dashed line 275 °C. The TDMASn exposures for each Sn©ycle are
in Figure 3 shows the expected Snéntent based on a rule- indicated in the figure. Cyclopentadiene is released exclusively
of-mixtures formula. Over the entire range of Snycles, the during the InCp exposures, and the magnitude ofnthe 66
SnG, content is higher than the predicted values. signal is proportional to the amount of,Bs deposited during

In situ QCM and QMS measurements were performed to each ALD cycle!® In agreement with the QCM measurements,
investigate the discrepancies in thickness and composition. Figure 5a shows that the @3 growth rate decreases substan-
Figure 4 shows the QCM signals recorded during the ALD of tially following each SnQ@ cycle, and 812 In,O3 cycles are
ITO using 10% Sn@cycles at 275°C. This figure plots the required for the 1803 growth rate to recover to the steady-
growth rate measured during each ALD cycle assuming densitiesstate value.
of 7.19 and 6.95 g/cinfor the InOs and Sn@Q, respectively. Figure 5b presents tha = 48 signal for Q that was recorded
Although the steady-state growth rate measured #D4mising simultaneously with then = 66 data in Figure 5a. No £s
the QCM is~1.4 Alcycle, the 1a03 growth rate drops te-1 observed during the ¥©3; ALD when the InO3; growth rate
Alcycle after each Sngxycle. Following the Sn@cycles, the has reached the steady-state value. This observation is consistent
In,03 growth rate increases toward the steady-state value overwith our previous finding that @decomposes on the D3 very
the following 5-7 cycles. Apparently, the SnQemporarily efficiently, and this decomposition is necessary for thgOpn
inhibits the InpO5; growth. growth15 Curiously, them = 48 signal returns during the;O
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Figure 5. In situ QMS measurements for (@)= 66 from cyclopentadiene and (b)= 48 from ozone, measured during ITO ALD using 5% $nO

cycles. The application of the Sa@LD cycles is indicated.
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Figure 6. Thickness of ALD ITO films versus number of cycles
determined using VASE for films deposited on Si(100) at 2Z%sing
5% SnQ cycles.

exposures that immediately follow the Sh®LD cycles, and
this Oz signal persists for approximately-8.0 cycles.

Figures 4 and 5 demonstrate that the $ogxles inhibit the
subsequent ks ALD, and this may result from the suppression
of O3 decomposition by the SnOIn our previous 103 ALD
study, we observed a reactor conditioning effect in which the
thicknesses of lO; films deposited immediately following
Al,0O3 growth were thinner than expected. To compensate for
this effect, we always deposited ann@3 buffer layer on the
inside of the reactor following deposition of a different material.
Evidently, the Sn@ deposited during a single SaQycle is
sufficient to suppress thes@ecomposition necessary to sustain
the In,O3; growth. The reduced BD; growth observed using
QCM and QMS explains why the ITO films are thinner than
expected (Figure 2), and also why the ITO films contain more
SnQ than expected (Figure 3).

Despite the peculiar effect of the Spon the IOz ALD, it
is still possible to deposit ITO films with excellent control over
film thickness and Sn©content. Figure 6 shows the ITO

VASE for films prepared with 5% Sn{ycles at 275C. This

plot yields a growth rate for ITO of 1.60 A/cycle. This value is
substantially larger than the growth rates of 6-2032 A/cycle
measured previously for the ALD of ITO using halogenated
precursors.A more detailed examination of the thickness data
in Figure 6 reveals that the ITO growth rate increases slightly
with the number of ALD cycles from 1.35 A/cycle at 50 cycles
to 1.65 Alcycle at 1000 cycles. Gradual changes in ALD growth
rates have been observed previously for nanocrystalline materials
in which the morphology or crystal size evolves with film
thicknesgt>19.20

The filled circles in Figure 1 show the ITO growth rate versus
the deposition temperature measured by VASE for films
prepared using 300 cycles with 5% Sn©ycles. Figure 1
demonstrates that the experimentally determined temperature
window for ITO ALD matches very closely with the temperature
range predicted from the component oxides. In particular, the
ITO growth rate remains nearly constant at 13551 A/cycle
in the temperature range 26825 °C. The ITO growth rate
falls off below 200°C, and this probably results from the abrupt
onset of Q decomposition at 200C.2> The ITO growth rate
increases substantially above 326, and this undoubtedly
signals the TDMASN thermal decompositith.

B. Properties of ITO Films. Once the growth behavior of
the ALD ITO films was understood, we proceeded to measure
the properties of the films to determine the effect of the
deposition conditions on the resistivity, transparency, and
morphology of the ITO. Figure 7a shows the ITO resistivity
versus percent Snycles determined using four-point probe
measurements of films prepared on glass at Z7%1sing 300
ALD cycles. Initially, the ITO resistivity decreases dramatically
from 1.4 x 1072 Qcm at 0% Sn@cycles to 3.9x 1074 Qcm
at 5% SnQ cycles, and then increases slightly to k1102
Qcm at 25% Sn@cycles.

Hall probe measurements performed on the samples prepared
on glass confirmed that the ITO films are n-doped, and the Hall
probe resistivity values were nearly identical to those obtained
using the four-point probe. The carrier concentration and
mobility values obtained using the Hall probe (Figure 7b) reveal
that the decrease in resistivity with Sp@oping can be mostly
attributed to an increase in carrier concentration. The carrier
concentration increases from 1310 cm~2 at 0% SnQ cycles

thickness versus the number of ALD cycles measured usingto 4.0 x 10?°cm™3 at 5% SnQ cycles. In contrast, the mobility
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Figure 7. (a) Resistivity versus percentage of Srgycles measured using four-point probe for ALD ITO films prepared on glass at@tSing
300 cycles. (b) Hall probe measurements of the same ITO films showing carrier concentration and mobility.
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Figure 8. Resistivity of ALD ITO films prepared on glass using 5% Snycles measured by four-point probe versus (a) number of cycles at
275°C and (b) deposition temperature using 300 cycles.

only increases from 23 to 49 éMWs over this range. The  corresponds to a Sn atom density of &610%° cm™2 so that
mobility of the undoped I503 is unusually low; however, this  the doping efficiency is 53%. This number compares favorably
film is only 51-nm thick and 1gO; mobilities are thickness-  with ITO films of similar Sn content prepared by sdalel
dependent! We measure a more typical mobility of 72 &m  techniques.It is thought that the remaining 47% of the Sn atoms
Vs for an InOs with a thicknkess of 200 nm. The electrical forms neutral clusters such as,8n that do not contribute to
characteristics of the ITO films prepared using 5% sogZles the ITO conductivity?? Perhaps by doping the 483 using a
in this study are comparable to values obtained for ALD ITO different SnQ precursor with a lower growth rate than TD-
films deposited previously using metal chloride precurgdrs. MASN, the Sn atoms could be spaced farther apart to avoid
addition, these electrical transport values are very similar to the forming neutral clusters, thereby increasing the doping ef-
values measured for commercially available ITO films prepared ficiency.
using spulttering. Next, the ITO resistivity was evaluated versus the film
It is interesting to compare the carrier concentration deter- thickness and deposition temperature. The resistivity of the ITO
mined by the Hall probe measurements with the actual films prepared on glass at 27& using 5% Sn@cycles was
concentration of Sn atoms in the ITO films measured by XRF. measured by four-point probe versus the number of ITO cycles
The ratio of these values is known as the doping efficiency, as shown in Figure 8a. The ITO resistivity remains relatively
where a value of 100% implies that every Sn atom contributes constant at 2.% 10410 4.4 x 104 Qcm over the range 169
one free electron. For the ITO film prepared using 5% $SnO 1000 ALD cycles. This range corresponds to ITO thicknesses
cycles, the Hall probe measured a carrier concentratien of 13—162 nm. Only at very small numbers of ALD cycles
4.0 x 10?9 cm3, while XRF yielded 4.9% Sn&for this film. does the resistivity of the ITO increase, and for 40 cycles (5.6
Using the atomic density of bulk }®s;, this composition nm) the resistivity reaches 26 10-2 Qcm. The ITO resistivity
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200 | films were deposited at 27% using 300 ALD cycles. Although
the data are somewhat scattered, the overall trend is an increase
. in transmittance from-80% at 0% Sn@cycles to an average

20 30 40 50 60 yalue of.~90% at 16% Sn@cy_cle;. The increase_d transmittance
2Theta (degrees) is duelln.part to a bl'ue-shlft in the absorption edge of the
) ) ) ] ] transmission curves with increasing Sigontent known as the
z"ag“c:;telg-or)‘('r&’ssd:giid'fgogrgf'::?eg‘;ﬁﬁ“goe/d ggﬁrnfelfatrg? sf(':'m Burstein-Moss effect. As the conduction band fills, the Fermi
() . . P
Thg indices agd peak pgsitions gre taken from PDF No. 00-006-0416 level expeeds t.he conduction pand minimum and alarger photon
for cubic InOs. energy is required for absorptidhAlternatively, a decrease in
surface roughness with increasing Sn content might reduce
was also measured by four-point probe as a function of the optical scattering and produce the effect shown in Figure 9.
deposition temperature for films deposited on glass using 300 VASE measurements for the 5% ITO films deposited on Si-
ALD cycles with 5% SnQ@cycles. Figure 8b demonstrates that (100) yielded a refractive index at 633 nm mf= 1.89.
the ITO resistivity decreases slightly with increasing deposition  Figure 10 shows the X-ray diffraction profile measured for
temperature from 4.4 104 1to 3.0 x 10~* Qcm between 225 an ITO film deposited on glass using 1000 ALD cycles with
and 350°C. The increase in resistivity observed at higher 5% SnQ cycles at 275C. The indices and peak positions in
temperatures probably results from impurities caused by the Figure 10 are taken from PDF No. 00-006-0416 for cubjOm
TDMASNH decomposition. At temperatures below 2Z5 the The ITO deposits in a polycrystalline form with a cubic@
films are much thinner and probably contain little indium, and structure, and the most prominent orientation is the [111]
thus the resistivity is closer to that of Sp&§ direction. Figure 11 shows an AFM image of an ITO film with
Figure 9 shows optical transmission measurements for the a thickness of 89 nm deposited at 25 using 600 cycles with
ITO films prepared on glass as a function of the percentage of 5% SnQ and yields an rms roughness of 8.9 nm. As expected
SnQ; cycles obtained by integrating the transmission spectra from the XRD measurements, Figure 11 shows a polycrystalline
over the wavelength range 37Q000 nm. The transmission  morphology. In addition, a small number of unusually tall
spectra were referenced to an uncoated glass substrate. Thedeatures (16-40 nm) are seen on the surface. These large
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Figure 13. (a) Cross-sectional SEM image of AAO membrane coated conformally with 9.7-nm ALD ITO film, and also with 161-nm ALD ITO
film deposited selectively on the AAO front surface visible on the left side of the image. (b) Higher-resolution SEM image of AAO membrane
showing that the 20-nm pores are sealed, and ITO nanocrystals decorate the inner walls of the 200-nm pores.

crystals might explain the dominant (222) peak seen in XRD. relative number of 1503 and SnQ ALD cycles, we deposited

Previous ALD studies of ITO observed neither the large crystals ITO films with precise control over the thickness and $nO

nor the dominant (222) pedk. content. ITO films with a thickness of 42 nm deposited on glass
Figure 12 shows SEM images of an ALD ITO film prepared using 5% Sn@cycles exhibited a resistivity of 104 Qcm

on Si(100) using 600 cycles with 5% Sp@ycles at 275C. and an optical transparency of 92%. The ITO films were slightly

The plan-view image (Figure 12a) shows a surface that is thinner and contained more Sp@han predicted, and in situ

uniformly decorated with platelike crystals in addition to taller, measurements revealed that these discrepancies result from an

diamond-shaped crystals that correspond to the tall features ininhibition of the IOz growth following the Sn@cycles. We

the AFM image. Additional SEM and AFM measurements have used this new ALD method to apply conformal ITO layers

showed that the height and number of these tall, diamond-shapedn very high aspect ratio nanoporous membranes.

crystals increased with increasing ITO film thickness. The cross-

sectional SEM image (Figure 12b) yields an ITO film thickness ~ Acknowledgment. The work at Argonne is supported by
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