Formation of buried TiN in glass by ion implantation to reduce solar load
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Ti and N were implanted into soda lime glass to doses up t& #05’ cm™2 to reduce solar load and
infrared transmission. Analysis of the IN implant distributions by Rutherford backscattering
spectrometry and x-ray photoelectron spectrosdS) revealed profiles which closely followed

each other as designed by the selection of implant energies. XPS, x-ray diffraction, and selected area
electron diffraction in transmission electron microscopy also confirmed the existence of a crystalline
B1-type, cubic TiN layer, 140 nm wide, at doses greater thaa®® cm 2 Optical measurements
showed that the fraction of infrared radiation reflected was increased by almost a factor of 4
compared to an increase of 1.8 in the visible region. The percentage of the total solar energy rejected
reached 80% at the highest dose, indicating that the buried TiN layer is highly effective in reducing
solar energy transmission. @996 American Institute of Physids50021-89706)07117-4

I. INTRODUCTION II. EXPERIMENT

Implantation of selected ions into glass is known to af- Implantations were made into 0.18-cm-thick clear float
fect optical properties in selected wavelength regimes. Resoda lime glass, produced commercially by the Glass Divi-
ducing transmission of UV or IR radiation is of great prac-sion of Ford Motor Company, of compositidweight per-
tical importance in, for instance, solar load control inceny 73.3 SiQ—13.6 NgO—-8.6 Ca0-4.0 MgO-0.2
buildings and automotive vehicles. Achieving these properF&03—0.2 SiG;—0.1 Al,O;. The process consisted of Ti
ties through implantation, as opposed to surface coating, hdgwlantation followed by N implantation to the same dose,
the advantages that the interface is less distinct yielding poand at energies selected so that the resulting depth distribu-
tentially greater surface durability and the technique uses lediPns of the two species 0\2/erlapped. The transport of radia-
material. One such application is the formation of a buried!o" N mattfr(TRlM) code” was used to determine the en-
TiN layer by sequential implantation of Ti and N. The for- ergies of Ti" and N" to produce ov_erlapplng cor?cer?t_ranon
mation of TiN by ion implantation was first demonstrated byprofllées.. Mean ranges and straggling i, (ARp)] in silica
Rai et al who implanted 104 keV Ti at 510" cm 2and &€ ! (87 keV)=75 nm(25 nm, and N(30 keV)=74 nm
35 keV N* at 5107 cm 2. Mazzoldiet al? (190 keV Ti' (26 nm. Ti" was implanted first at 87 keV to eight doses

from 2x10% cm 2 to 45x10' cm ™2, followed by N" im-
and 40, 70, or 100 keV N), Battagtefl (190 keV Ti" at . ’ . ,
T ' lantation at 30 keV to the same doses. Since the ion beam
5x10'® cm™? and 70 keV N at 2x10 cm 2, and b ! : !

was primaril , the accelerating voltage was 60 kV. Im-
Bertoncell§ (30—-190 keV Ti at 5x10' cm 2 and 15—100 P YN g g

+ 06 o 2 X ) plantations were made at a current density belowAlcm?
keV N", 5-20<10" cm ) reported the formation of a tita- i 5 yacuum better thanx10-® Torr. Implantations were

nium oxynitride(TiO,N,) following implantation into amor-  gminally performed at room temperature, however beam
phous SiQ. lon implantation in silica glass usually results in heating caused the surface temperature to rise<Bg0 °C.
an increase of the refractive index, due to a compaction Ng postimplantation annealing was performed.
effect™® Implantation of nitrogen produces a large change in  Analysis of the implants was performed by Rutherford
n which has been attributed to the formation of silicon packscattering spectrometfRBS) using 2 MeV Heé ™ at a
oxynitride.~** While coatings are the common method of scattering angle of 170°. Composition profiles were deter-
changing the reflection or absorption of glass, little work hasnined with the aid of two computer coderpmpP'® and
been done concerning the formation of specific buried comproriLE™ X-ray photoelectron spectrosco¥PS) coupled
pounds and their effects on optical properties. In this articlewith 3 keV Ar* sputter depth profiling was also conducted to
we report on the formation of a crystalline TiN phase bydetermine composition profiles and chemical bonding states
sequential implantation of Ti and N above a threshold doseof the constituents. Analysis was done on a Perkin—Elmer
Also reported are the resulting properties of transmittance aBHI 5400 XPS system with monochromatic MgrK1253.6
a function of wavelength for BN implanted soda lime €V) x rays in a vacuum chamber at a base pressure of
glass. 4x107° Torr maintained at ¥10 8 Torr during argon sput-
tering. Sputtering was done in 1 or 2 min intervals for a total

dCorresponding author: 1911 Cooley Bldg., Department of Nuclear Engi-Of 35 min. Detailed energy S.peCtr.a were recorded !n muli-
neering and Radiological Sciences, University of Michigan Ann Arbor, Ml plex mode for the G, Oy, Tizp, Shp, Nis, and Anrg lines

48109; Electronic mail: gsw@umich.edu (17.9 eV pass energy, 0.1 eV/step; 0.1 s/step and multiple
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sweeps for each elementCharge neutralization was used Eneray (MeV)
with an electron energy of 0.9 eV. . 14 1 s -
Phase analysis of the implanted layer was determined 20 . : : :
using glancing angle x-ray diffraction. A Cuddl x-ray
source was used with a Seemann—Bohlin x-ray diffracto- 2 MeV He'
meter in which the angle between the sample surface and the 15 L 170°
x-ray beam was set at 2° and the detector angle ranged from
8° to 70°. The existence and spatial extent of the buried >
crystalline phase was confirmed using selected area electron

87 keV Ti + 30 keV N
T 45x10'6cm2
30x10%cm™?

23x10"%cm™2
9x10"%cm 2

diffraction on cross-section transmission electron micros- E or 7.4x10"%cm™2 |
copy (TEM) samples. Samples were made by gluing together ¢ 6.3x10"%cm™2

two pieces of ion implanted glass and cutting the sandwich 5 3.2x10"%cm™?

into a disk of 1 mm thickness. The disk is then ground down < 5 1.4x10"%cm™2 .
to 100 um thickness using lapping paper and then dimpled

down to 1-2um thickness using a final stage polish of 0.05 ot S ocaly

pum Al,O; slurry. The sample was then epoxied onto a slot- o L= A e
ted copper grid and ion milled with 1 mA of Arat 5 kV and 61'50 7(')0 7%0 860

an angle of 8°. A conductive coating of carbon was evapo- Channel

rated onto the sample prior to examination in TEM. Bright
field and dark field images were obtained at 100 kV using g_IG. 1. Rutherfo_rd back_scattering spectra.oer imp_lantation_s into soda
JEOL 100CX and selected area diffracti®AD) was con- lime glass showing retained amounts of Ti after N implantation.
ducted at a camera length of 120 cm.

Transmission gnd reercFance at near-normal Ir‘C'denceussed later. The flattened composition profile of the high
were measured with a Perkm—EImgr LAMBDA9 UVIVIS/ dose implants is confirmed by sputter depth profiling fol-
NIR spectrophotometer operated with a dual “VW" abso- |

o ) wed by XPS, Fig. 2. There is a broad region of nearly
lute specular reflectance attachment. Specific operation

onstant composition for both the Ti and N profiles and the

the attachment is explained more fully in Ref. 15. Solar val-y ) qfije closely follows that of Ti. These results are in close
ues were determined by weighting measured values with thﬁgreement with those of Mazzolei al2 who showed that at

relative intensities of the solar spectrum using air mass 2 fo n energy ratio of 2.7, 190 keli)—70 keV(N) [vs. 2.9 for

solar ?(isstribution from ISO 9050 af.‘d the air mass 2 data o ur experimentk the implanted N profile closely follows the
Moon.”® The wavelength ranges of interest are 280-2120 nMg profile
Ior “FO.'[SI solar” Valléesé 28(2)_2400 nrrf1 for UV'_ ‘;00_720 nm XPS also yields information on the binding energy of the
orvisibie (\(IS), and 720- 1, 0 nm for near in rarQNIR). species, which can be used to determine its chemical state in

Transmission and reflection of models of the implanted, , ¢ iq Figure 3 shows four spectra of the Tand Si

) ; . . p P

gla_ss were calgulated USINGILTFILM _descnbed in Ref. 17. eaks at depths corresponding to the four arrows in Fig. 2.
This code applies the Fresnel equations to layered structur%n the surface, two T}, peaks are evident at about 458 and

using optical properties of multi-component layers derived463_8 eV, and a §j peak at 102.4 eV. After sputtering for
from effec_tive medium_theory as developed by Bruggeman, min, another j, peak has emerged a#54.7 eV and the
and described by Martind. peak at 458 eV is diminished considerably. At this depth, the
Ti (N) concentration is about 36 at. ¥83 at. %). There is
I1l. RESULTS AND DISCUSSION

RBS spectra of the region containing the Ti peak for
eight samples implanted with T87 keV) and N(30 keV) to 70
the same dose are shown in Fig. 1. RBS indicates that the
amount of retained Ti was 1.4, 3.2, 6.3, 7.4, 9.0, 23.0, 30.0, 60
and 45.0<10'°® cm 2. There was some loss<10% of the
amount initially implantegl of Ti following subsequent N
implantation(probably due to sputteringThe heights of the
peaks rise monotonically through a retained dose of
2.3x10' cm™2 while both the peak shape and centroid re-
main relatively constant. At a retained dose of ' cm 2,
the Ti peak broadens considerably, indicating the presence of
Ti at greater depths. A fit to the RBS profile usirgmp
resulted in both a Ti and N content ef33 at. %, extending
over a depth of 180 nm. The migration of Ti to still greater 0
depths is also seen in the highest dddesx 10 cm?)
sample, where the amount of Tand N is ~37 at. % and
extends to a depth of 220 nm. The deep penetration of Tk 2 Ti and N concentration profiles during sputter depth profiling as
may be due to the formation of a crystalline phase as dismeasured using XPS, for Ti and N doses of’g310'"/cm™2
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FIG. 3. Binding energy spectra f¢a) Ti and (b) Si, in soda lime glass implanted to<30' cm™ Ti+N and after 0, 11, 23, and 31 min of sputtering by a
3 keV Ar" ion beam.

little change in the T, peaks after sputtering for 23 min, but Confirmation of the presence of a TiN phase is provided

an additional Si, peak has emerged at 98.5 eV. Sputteringby x-ray diffraction shown in Fig. 4. The curves are for a

for 31 min results in a drop in the 454.7 eV peak, a rise in the3x10'” cm 2 Ti+N implantation, a ¥10* cm™ 2 Ti+N im-

peak at 458 eV of T, and a sharp increase in the 102.4 eV plantation, and a 210 cm™2 Ti-only implantation and are

Si;, peak. Ti(N) concentration here is 10 at. 8 at. %9. plotted as intensity in counts/s/° vé.2Note the peaks in the
Bertoncelloet al®* have interpreted the 7 peaks at high dose Ti-N implantation, which have been indexed as

~454 and~458.5 eV to be due to titanium silicide and the (111), (200), and(220) reflections of B1-type cubic TiN

titanium oxide, respectively, in glass implanted with (Tthe  phase. The lattice constant is in excellent agreement with

463.8 eV peak is also from TiQ) They suggest that subse- that of the bulk material, 0.424 nfi.The inset shows a plot

quent N implantation broadens the previously distingt,Ti of the net number of countgotal minus counts from glass

doublet due to the formation of metallic precipitates453  substratgand reveals th€311) reflection as well.

eV) and titanium oxynitridg458 e\). They also suggest that Additional confirmation of the existence of a TiN phase

the lower energy $j, peak is due to the formation of a new is provided by bright field/dark field images of the implanted

compound involving implanted NSIO;N,). In our results, region and selected area electron diffraction of-Ni im-

the peak at 458 eV is largest at moderate Ti and low N

concentrationgshallow and degp and is consistent with an

oxide phase. At intermediate depths where the Ti and N con-

centrations are high, the 454 eV peak is prevalent, and it is 1.2x10* 7

likely due to titanium nitride. Bertoncellet al>* have also

reported that peaks corresponding to TiSi are absent follow- 1.0} 7 -
ing a Ti+N implantation. XPS measurements by #/on g \ E

TiN films confirm a TiGQ, peak at an energy near 459 eV and 5087 |\ 2 -
a TiN peak at 454.8 eV, consistent with our interpretation. ) \ 5

The behavior of the §j peaks is also consistent with nitride 06 _ -
formation. The high-energy peak, likely due to $j@ larg- *é 8 A2 R
est at the surface and deep into the sample. In the implanted & 0.4 N 32101 2 TiaN -
region where TiN is formed, the Sipeak diminishes in = S e
intensity and an additional low-energy peak emerges which 0.2 4 e ————— L
may be due to formation of a silicon oxynitride phase, as — l’“"":“'"”l“” ———
postulated by Bertoncello. Our results suggest that small 30 40 50 60 70 80 90 100 110 120 130 140

amounts of Ti in glass are most likely present as Jfiénd 20 [deg]

that significant quantities of N are required before a TiN o | it codal | nted with
; ; . 4. Glancing angle x-ray diffraction of soda lime glass implanted wit|
phase forms. The onset and disappearance of the TiN phaﬂafN 10 9%10° om2 and 3<10!7 cm-2, and with Ti to 2<107 cm 2. The

is also coincident V_‘”th the drop and rise, respectively, in thgpset shows the net intensifotal counts minus counts from glass subsjrate
oxygen concentration, as expected. for the 310" cm™2 Ti+N sample and reveals two additional reflections.
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planted to %10'" cm 2, Fig. 5. The bright field image Figure 6 shows the percent of radiation reflected for un-
shows that the TiN phase is confined to a layer approxiimplanted and TN implanted clear glass for three wave-
mately 140 nm in width and forms a sharp interface with thelength regimes defined previously. The total solar reflection
underlying amorphous glass phase. This is in good agreexnd percent of solar radiation rejected are also shown. The
ment with the approximate width of the region of equal Tilatter (calculated using the codeuLTFILM .17 is a combina-
and N compositio(~180 nm as measured by RBS, and is tion of the amount of energy reflected and the amount of
precisely the regime in which the TiN phase is likely to energy absorbed which is subsequently lost to the outside
form. The dark field image is taken using tf#00) reflec- through conduction and convectioriThe program uses
tion. Note that thg111), (200, (220, (222, and (400 re- transmittance data measured with a dual beam spectrometer
flections are clearly evident from the selected area diffractiorusing air in the reference beanThe percent solar radiation
pattern and again match the 0.424 nm lattice parameter. Thejected is of great practical importance in both automotive
dark field image also reveals that the grain size of the TiNand architectural glazing applications. In all cases, the radia-
crystallites is in the range 3—10 nm. tion is incident on the treated side of the glass. Note the

3 cryst;ﬂ]me
TiN layer

rys]line

Titjlay7

FIG. 5. (a) Bright field image,(b) dark field image andc) selected area diffraction of the soda lime glass implanted withNIto 3x10'7 cm™2.
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FIG. 5. (Continued) FIG. 7. Percent reflectance of soda lime glass implanted witi\Ttio doses

of (a) 9x10* cm™2, (b) 3x10* cm ™2, and(c) 4.5x10' cm™?, as a function
of the percent of Ti as TiN.

sharp rise in the IR reflection and percent solar rejection

7 —2 :
above (10" cm 2 Resuilts fromMULTFILM , assuming that i, yisiple light reflected over the entire dose range. Calcula-

TiN consumes either all the Ti or roughly 60% of the T'i, tions performed usingMULTFILM for a pure, 50-nm-thick
show that the latter agrees better with measurements. This igy layer on soda lime glass, yielded a total solar rejection

confirmed by the plots of percent reflectance as a function of¢ g4,
Ti as TiN, shown in Fig. 7. Note that for low doses, the best )
fit to the data is obtained assuming little or no Ti as TiN, but

al] ofitas TiG,. Howgver, at higher doses, the best.fit OCCUTSygjection at high dose were accompanied by a change in the
with about 60% of Ti as TiN and the balance as Ji@Iso  qjor of the glass from a metallic silver to a distinct gold

of practical significance is the comparatively small increase.;ior. The gold color is indicative of the TiN phase in de-
posited films and is consistent with XPS, x-ray, and SAD

evidence of the formation of a TiN phase. Hence, it can be
80 - » concluded that co-implantation of Ti and N to doses

inferior to the 80% rejection value at the highest
implanted dose.
The abrupt increase in IR reflection and total solar load

—* wlslarrgeted >9x10' cm™2 (33 at. % Ti and N results in the formation
—&— total solar reflected N8 of a buried crystalline TiN phase which exhibits optical
60| 5 IRreflected / 1 ies simil h fad ited surface fil
—o— visible reflected , properties similar to those of a deposited surface film.
—— UV reflected s
/
7 //
model result assuming —7 // model result assuming IV. CONCLUSIONS

40 100% TiasTiN

//a mixture of TiN and TiO, |
Implantation of Ti and N into soda lime glass results in

composition profiles where the N concentration closely fol-
lows that of the titanium. Anomalously deep profiles are ob-
served at doses abovex30'’ cm 2, due to the formation of

a crystalline phase. XPS, x-ray diffraction, and selected area
‘1016 017 1018 diffraction in TEM confirm that a crystalline TiN phase was
formed at high dose6>9x10' cm™?) of Ti(N). The phase
is consistent with B1-type cubic TiN and has a thickness of
FIG. 6. Percent of incident radiation reflected vs dose for selected wavel40 NM after a dose of>8L0" cm ™2 Ti+N. Optical mea-
length ranges. surements show that solar load rejection increased abruptly

201

Percentage of solar radiation rejected

Dose (cm-2)
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