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We report the morphology, composition, and interaction mechanisms of silicon surface gratings
fabricated with the fourth harmoni@66 nm) of a Q-switched Nd:YAG laser. We paid particular
attention to the laser fluence dependence of silicon grating formation. It was found that at low
fluence levels, grating formation was mainly caused by silicon oxidation. However, at high fluence
levels gratings were formed with thermal ablation. In the former case, it was found that water vapor,
instead of oxygen molecules, in the air was the key species providing oxygen for silicon oxidation.
In the latter case, grating morphology was controlled by laser fluence level. These conclusions were
supported by the measurement results of atomic force microscopy, energy-dispersive x-ray
spectroscopy, Fourier-transform infrared spectroscopy, and chemical etching. The results of
real-time monitoring of grating growth are also reported. 2@00 American Institute of Physics.
[S0021-897@00)07820-9

I. INTRODUCTION peak power, such as an amplified mode-locked Ti:sapphire
] o laser. Surface gratings formed with physical and/or chemical
Surface and subsurface gratings have applications i, itace interactions are the major concern of this article.
various areas, including optical communications, display,  gagically, writing surface gratings with laser is a process
storage, and sensing. The diffraction effects of a surface of¢ ayn0sing a sample to laser interference fringes. The pho-
subsurface grating can be used for the operations of varioygng 4t the bright lines of the fringes interact with the sample
devices. Although gratings can be fabricated with etchingyaterial to form periodical corrugations. Because we can
techniques, such a process requires the preparation of a Magknro| the grating period through interference arrangement
and photolithography techniques. They are usually quitg,nq the corrugation depth through laser power level, fabrica-
complicated. Recently, because of the development of highyo of surface grating with laser is more flexible than other
pulse-energy and high-peak-power lasers, particularly in thgschnigues. Since all the materials mentioned above, except
UV range and in the femtosecond range, and related teChy a1, *have quite large absorption coefficients at the UV
niques, direct writing of surface or subsurface gratings Withznge 'melting and related processes are the key mechanisms
Iasgrs has_become an |mp0rtant aIte_rna’tl\}ﬁMateﬂaIs on responsible for the grating formation. In this article, we re-
Wh'Ch g.ratlng's were directly written 'nCIUdid gldmdugé port the morphology, composition, and interaction mecha-
ng op7t|cal fibey (e.gg., Refgs. 1-B quartz, LiNbO;,™ nisms of silicon surface gratings fabricated with the fourth
silicon,” GaAs/AlGaAs, GaN, polymers(e.g., Ref. 10, eiC.  h4monic(266 nm of a Q-switched Nd:YAG laser. In par-
The mechanisms for forming either surface or subsurfacgjar, we studied the laser fluence dependence of silicon
gratings include the induced refractive index change Dy aiing formation. We found that at low fluence levels, grat-
modifying material structures, such as bond breaking for fabj g formation was mainly caused by silicon oxidation. How-
ricating fiber gratingse.g., Refs. 1 and)zand quantum well - guer 4t high fluence levels gratings could be formed with
intermixing  for _fabricating semiconductor waveguide herma| ablation. In the former case, it was found that water
gratings: These mechanisms also include the physical and/o\r,apor, instead of oxygen molecules, in the air was the key
chemical interactions of the material surface with lasers. Fogpecies providing oxygen for silicon oxidation. In the latter
such mechanisms, the used lasers are either in the UV rang@se, grating morphology was controlled by laser fluence.

for the high-photon energy, including 193 and 248 nm exCirpe resylits of real-time monitoring of grating growth will
mer lasers, the third and fourth harmonics oRaswitched 555 pe reported.

Nd:YAG laser, or with femtosecond pulse widths for high In Sec. Il of this article the optical systems used for
grating formation and characterization are described. The re-

dElectronic mail: ccy@cc.ee.ntu.edu.tw sults of silicon gratings formed with the oxidation process at
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FIG. 2. The first optical setup for grating formation with the prism shown in
Fig. 1.

For conducting real-time monitoring of grating growth,
we prepared another optical system with its setup shown in
Fig. 3. Here, we arranged a Mach—Zehnder interferometer
(with the optical paths shown with the thick dotted linés
forming the interference fringes inside a chamber. By rotat-
ing the mirrors M3 and M4, the period of the interference

FIG. 1. Geometry of the prism for forming the interference fringe at the fringe could be varied from 300 nm to a few micrometers.
lower-right corner. The fringe period and size are controlled by the incidentDesignated flown gas species through the chamber provided
angles. controlled ambient conditions. Interference fringes passed
through the quartz window of the chamber with insignificant
ettenuation to write gratings on silicon samplgs type,
(100 orientatior] mounted inside the chamber. A HeNe laser
at 632.8 nm was used to monitor the reflectdte zeroth-
order diffracted and the first-order diffracted intensities.
Such optical paths are shown in Fig. 3 with thin dotted lines.

low laser fluence levels are discussed in Sec. lll. Then, rea
time monitoring of grating formation is reported in Sec. IV.
Here, gratings formed with thermal ablation, instead of sili-
con oxidation, at high laser fluence levels are introduced
Morphology study of the. 9“?“”95 formed with smgle-shot, The reflected and diffracted powers were detected by two
high-fluence laser pulse is discussed in Sec. V. Finally, con- : )

. . photodetectors, which were connected to an oscilloscope and
clusions are drawn in Sec. VI. a computer

II. OPTICAL SYSTEMS FOR GRATING FORMATION
AND CHARACTERIZATION

lll. SILICON GRATING FORMED WITH OXIDATION
PROCESS

We used two optical systems for grating formation and |t was discovered that when a silicon grating was formed
real-time monitor_ing th_e growth process. In the_ firgt systemyyith relatively low-pulse energy, the formation of grating
a5 cmX 5 cm prism with the geometry shown in Fig. 1 was yas due to gradual oxidation of silicon. When a silicon
used. When a laser beam was incident from the upper-le§ample was exposed to an interference fringe, the locations
corner, as shown with the two parallel lines, it was designeg pright lines became oxidized. Because silicon oxide has a
to let the beam center hit the lower-right corner. In this situ-jayger volume compared with pure silicon, these locations

ation, one half of the laser beam was totally reflected fromsyejled to become crests of the grating pattern. In this pro-
the prism side represented by the vertical line. This one-half

beam overlapped with the other half to form an interference

fringe. The fringe period was related to the angland con- Q-switched
trolled by the incident angl@ and the prism dimensions. It Nd:YAG laser Computer I
could be adjusted from 180 to 600 nm. By placing a silicon 7‘_‘ 266 nm
sample, contacting the bottom face of the prism near the
, i M1, M2 B.S.
corner, surface gratings could be formed. We used the fourth I M \¥3
harmonic of a computer-controlleg@-switched Nd:YAG la-
- : . He-Ne laser M5 % Glass
ser (Coherent, Infinity for producing the interference A =632.8 nm N i
fringes. The laser pulse width was 3.5 ns. Because the laser M4\.,,. : Sample
is seeded with a diode-pumped source, its line width is quite giri%g?r ];’hotO- <o 0L2
narrow(0.002 cni %) and its coherence length is as long as a g e1ect | Zero Order
few meters. Hence, it was quite simple to build the interfer- ——v M6/' -
ometers. Figure 2 shows the optical setup with the prism for Oscilloscope <§:>1'St Order
writing gratings. After two cylindrical lenses, the laser beam 2 L3, GasFlow
was focused into an elliptical shape of 2 csm 0.5 cm. c I Photo-
Typically a grating width of 5 mm could be obtained. De- omputer Detecto

pending on the grating period, the grating length was ranged
from 12 to 37 mm. A larger grating period corresponded to

IG. 3. The second optical setup for grating formation and real-time moni-
oring of grating growth with the samples in controlled ambient gases. The

smaller grating length. A fine rotator was used to carry theene laser is used for real-time monitoring the reflected and diffracted

prism and control the grating period.

signals from a formed grating.
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FIG. 5. AFM pictures of a grating formed with 168 mJ/cmt 50 Hz for
50 s.(a) and(b) refer to the grating morphology before and after HF etch-
ing, respectively.

pm

FIG. 4. AFM pictures of a grating formed with 84 mJ/&rat 50 Hz for
50 s.(a) and(b) refer to the grating morphology before and after HF etch-
ing, respectively.

silicon oxidation and corresponded to the bright lines of the

interference fringe. To verify this hypothesis, we dipped the
cess, silicon was first melted by absorbing incident photonssample in an HF solutiofil0% HB for 30 s. Since the HF
Then, water or oxygen molecules diffused into the meltecetching rate of silicon oxide is much higher than that of
silicon to form silicon oxide. Since the melting temperature,silicon, we found that the cotton-shape structures were re-
latent heat, and heat capacity of crystalline silicon are 168Bnoved during etching, as shown in the AFM picture of Fig.
K, 86 kJ/mole, and 34 khole K), the minimum energy to 4(b). Here, we can see that the crests become valleys after
melt silicon from the room temperature is about 133HF etching. The comparison between Fig$a)dand 4b)
kJ/mole!! To estimate the minimum laser fluence for melt- provides proof for silicon oxidation in the formation of grat-
ing silicon, the heating depth must be determined first. Froning crests. Also, it shows that silicon oxide grows into the
numerical simulatiotf and theoretical predictioh’ the heat- sample beyond the level of the original valleys. Note that the
ing depth is the larger of the absorption depth and the theraverage fluence level at 84 mJfmentioned above resulted
mal diffusion length((2D 7)*?, whereD is the thermal dif- from the average over the bright and dark lines of the inter-
fusivity and 7 is the pulse width which are %' and 290 nm, ference fringe and over the nonuniform laser beam intensity.
respectively, under the experimental conditigfs = 0.12  Therefore, the local fluence at the bright lines near the laser
cn?/s near the melting temperatuteand - = 3.5 ng. beam center should be higher than 330 m3/cthe overes-
Hence, with the refractive index 1.916 at 266 nm at the roontimated critical fluence for a melting silicon surface.
temperaturé! the minimum laser fluence for melting silicon To see the effects of relatively higher laser pulse energy,
is about 330 mJ/chunder the assumption that silicon within we increased the average fluence level to 168 nfigith
the thermal diffusion length melts completely. This fluencethe same pulse repetition rate and exposure tisdeHz for
level for a melting silicon surface is overestimated since &0 9. Figures %a) and 5b) show the AFM results of this
silicon surface melts before bulk silicon within the thermalsilicon grating. Again, the crests became valleys after HF
diffusion length does. Figure(d) shows the atomic force etching. It is noted that the regularity of grating structure is
microscopy(AFM) picture of a silicon grating formed with much improved, compared with the case in Fig. 4. Here, a
an average fluence level of 84 mJfcand a pulse repetition high-quality grating with the corrugation depth of around 15
frequency of 50 Hz for 50 s. The grating was fabricated withnm and about 50% duty cycle was obtaiffede Fig. %a)].
the optical system shown in Fig. 2. From the AFM picture, Also, note that a<100 nm feature was formed after HF
we can see rows of cotton-shape structures with the rowetching.
separation the same as the designated fringe period at 400 We also used energy dispersive x-rdgDX) spectros-
nm. It is believed that these structures were created througtopy to verify the existence of oxygen atoms in the grating
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FIG. 8. FTIR absorption spectra of four gratings made under different con-

i ' ditions of humidityM. All samples were made at 20 °C with the laser con-
500 1000 1500 2000 ditions of 480 mJ/crhat 25 Hz for 200 s. The result of thermal oxide is also
shown for comparison.

v

Energy (eV)

FIG. 6. EDX spectra of the grating of Fig. 5 before HF etching. Curves
(a)—(d) represent the results of the untreated san@lethe spatial average
of the grating(b), the crest(c), and the valley(d) of the grating, respec-

tively. show the EDX results of an untreated samfag a sample
under fringe exposure in ambient oxygen moleci&sund
%/atm) (b), and a sample under fringe exposure in ambient

sample of Fig. 5 before HF etching. Spectrianrepresents ater vapor(air) (c). The laser exposure conditions for spec-

the result of an untreated silicon wafer. Spectrinshows & (b) and (c) were the same: 168 mJ/énof 25 Hz for

the result of a grating with an EDX electron spot much largert20 S The comparison between spediaand (c) shows

than the grating period. Therefore, it stands for the averagiat oxidation in ambient Ywas much weaker than that in

result of crests and valleys. Here, one can see the appearar@@bient air or water vapor. Diffraction measurement also

of an oxygen elementat 532 eV x-ray energybesides sili-  confirmed that grating was not formed in ambiergt. Ohe

con (at 1839 eV x-ray energy Then, Spectrdc) and (d) relatively higher oxyger(than silicon content in spectrum

were obtained with a high EDX resolution focused at a grat{c), when compared with spectfa)—(d) in Fig. 6, was at-

ing crest and valley, respectively. We can see that relativelyributed to the thicker oxidation layer under these fabrication

more oxygen atoms exist in crests than valleys. This coneonditions. The much more active interaction ofCGHwith

firms the hypothesis of silicon oxidation at the bright lines of melted silicon to form silicon oxide, compared with Ccan

the fringe. The existence of little carbon contétite small  be attributed to the polarization of,® molecules. The po-

feature left to the oxygen pehis attributed to the incorpo- |arization of a molecule makes it easier to be adsorbed by the

ration of CQ molecules in the air during laser illumination. melted silicont* Compared with HO, the unpolarized ©

To understand the origin of oxygen for oxidation, we molecules have much less adsorption to the melted silicon.

used the optical system in Fig. 3 for grating formation withThe other possible reason for the strongeOHnteraction is

controlled ambient gas. The three spectral curves in Fig. {at the existence of hydrogen atoms can create a pathway
for enhancing the diffusion of oxygen atoms in melted
silicon!® Hence, in ambient @silicon grating could not be
formed with the laser fluence range mentioned above. The
difference between $© and Q in such an oxidation process

a deserves further investigation.

| The oxidation process was incomplete. Figure 8 shows

/L the Fourier transform infrared spectroscdpil IR) results of

structures. Figure 6 shows the EDX spectra of the gratin

silicon gratings fabricated under various ambient conditions
of humidity at 20 °C(with the same laser conditions: 420
mJ/cnt at 25 Hz for 200 5 We can see that on the large-

c (Si) wave number side of the Sjharacteristic absorption line
/L at 1080 cm! (corresponding to the Si—O stretching made

| } [ > there exists a broad shoulder. This shoulder is particularly
0 500 1000 1500 2000 clear when compared with the curve of thermal oxide, i.e.,
pure SiQ. Such an absorption shoulder was attributed to the
existence of some kinds of Si—O complex&4’ Our experi-

FIG. 7. EDX spectra of two samples processed in different ambient gasements showed that the absorption shoulder became weaker

with the laser conditions as 168 mJ&rat 25 Hz for 120 s. Cuvéd  \yhen the ambient humidité increased. In other words,
represents the result of an untreated silicon wafer. Cufbeand(c) stand

for those of the samples treated in ambient oxygen molecules and ambieﬁ_ﬂore SquIy of water vapor leads to more complete oxida-
air, respectively. tion.

Intensity (a. u.)

Energy (eV)
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FIG. 9. Time evolution of the reflecteth) and diffracted(b) intensities . I L . . .
during the process of single laser pulse exposure. The sharp peak in eith@fating formation. One can see that significant diffraction is

part of the figure represents the generation of plasma.

IV. REAL-TIME MONITORING OF GRATING

FORMATION

Chen et al.

tion is supposed to be due to the stage of plasma generation
after the heating and melting of silicdfiin other words, in

this stage plenty of electrons and holes were generated such
that reflectivity was increased from the conducting surface.
This stage lasts for around 10 ns. The long tail of reflection
after the plasma stage is attributed to silicon melting. After
severalus, oxidized silicon resolidifies. After resolidification
with the illumination of a number of laser pulses, the reflec-
tivity was reduced because of the resultant nonsmooth sur-
face. Figure &) shows the diffracted intensity. Here, we can
see that after the hump, which corresponds to the plasma
stage, the diffraction intensity level becomes higher, com-
pared with the level before the hump. This is clear evidence
of grating formation. The grating structure still existed after
the melted silicon oxide resolidified.

We also monitored the diffracted intensity as a function
of exposure pulse number during grating formation. The four
parts of Fig. 10 show the evolution of diffracted signal in-
tensities at four different laser fluence levels when gratings
were fabricated in the air. At 204 mJ/énfrom part(a) we
can observe silicon oxidation as the major mechanism for

observed after 500 laser pulses exposure with the used figure
scale. After that, the diffraction intensity grows quickly.
However, after a maximum is reached, it starts to decrease.
The decrease is attributed to the instability of the laser beam.
A slight shift in beam position may change the positions of

To real-time monitor the growth process of grating dur-bright and dark lines of the interference fringe. To take a
ing UV laser exposure, we used a HeNe laser to detect theloser look at the growth rate of grating, in Fig. 11 we show
reflected and diffracted signals as shown in Fig. 3. Figureshe early stage of the evolution of diffraction intensity at two
9(a) and 9b) demonstrate the temporal variations of reflec-laser fluence levels: 174 and 204 mJfci®ne can see that a
tion and diffraction intensities, respectively, after the expo-higher fluence level leads to earlier appearance of a dif-
sure of one laser pulse of 204 mJfcim average fluence and fracted signal and a steeper increase of its intensity. Al-
3.5 ns in pulse width. In Fig.(®), the sharp peak of reflec- though there exist fluctuations, the growth basically follows

)

; 10000
3 100001 @
= _ 204 mi/cm?
g
E 5000 ]
=
g
20
3 i
]
2
Q
<
g€ 0 A
a
0 2000 4000

Pulse Number
3 10000 ©
g
2 N 600 mJ/cm®
g
2
= 5000
[
g
=
'(,"') -
b=
2
Q
<
£ o 7@ s R
[m)

0 2000 4000
Pulse Number

Diffracted Signal Intensity (a. u.)

Diffracted Signal Intensity (a. u.)

10000 ]
(b)
- 456 mJ/cm?
5000 |
0 ' l |
0 2000 4000
Pulse Number FIG. 10. Diffracted intensities as functions of the ex-
posed pulse number in ambient air with different flu-
ence levels. The grating formation mechanisms at low
10000 ) @ and high fluence levels are different.
720 mJ/cm?
5000 |
0
0 2000 4000
Pulse Number

Downloaded 12 Feb 2009 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Chen et al. 6167
67 bilities of formation and destruction of gratings within a few
laser shots. It was speculated that the grating formation
mechanism at this high fluence level was different from sili-
con oxidation. To confirm this speculation, we etched the
formed grating with HF solution and found that the morphol-
ogy was not changed after etching. Therefore, another
mechanism is responsible for the formation of grating with
high laser fluence levels. Further proof is provided with Fig.
12. Here, gratings were fabricated in ambient nitrogen. In
this case, without any oxygen content silicon oxidation could
not occur. One can see that no diffraction signal was ob-
served at 204 mJ/cm Beyond this level, the evolution of
diffraction intensity was very similar to the case of ambient
air. Such fast construction and destruction processes are sup-
posed to be caused by thermal ablation. In other words, dur-
ing the exposure to a laser pulse, silicon is first melted. Then,
the fluid dynamics determines the morphology of grating
structure(to be discussed in detail in Sec).Mn a medium
FIG. 11. A close look of the diffracted intensities as functions of the ex-fluence range, an induced shear force pushes the melted sili-
posed pl_JIse numb‘er ip ambient air with IWO _relatively low fluence levels.con away from the center of a fringe bright line to form a
The grating formation is caused by the oxidation process. . .
valley. The valley formation of this process may be can-
celled by the oxidation process, which leads to crests at the
exponential functions, as indicated by the fitting dashedrenters of fringe bright lines, particularly at a medium flu-
curves in Fig. 11. ence level. It is believed that the results of Fig. 10 with
Now, we return to Fig. 10. Here, when the fluence in-fluence levels between 456 and 600 mFare involved in
creased to 456 mJ/émwith the maximum local fluence such a counteraction.
higher than 1600 mJ/cfj, the construction and destruction Note that the evaporation temperature and latent heat of
of gratings became faster. Meanwhile, the maximum diffrac-silicon are 3060 K and 450 kJ/mole, respectiveijlso, the
tion intensity was reduced. These phenomena became moheat capacity of liquid silicon is 25 (@ole K). We have
prominent as the fluence level further increased. When thestimated the required 266 nm laser fluence for evaporating
fluence was beyond 600 mJ/gmrandom sharp spikes of silicon to give around 1600 mJ/énby approximating the
diffraction intensity were observed. They implied the possi-melting depth as the thermal diffusion lend&90 nm). The
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(2) 174 mJ/cm®
(b) 204 m)/cm®
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posed pulse number in ambient nitrogen with different
fluence levels. The oxidation process cannot occur in

(d) this situation. Gratings are formed with thermal ablation
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FIG. 13. Three-dimension and side-view AFM pictures of a grating formed with single laser pulse exposure at 840 AlHnge-period interference fringe
of around 6um in period is formed besides the designated grating period at about 80@rend (b) show the 3D picture and its side view in the portions
of high and medium fluence level&) and(d) show those in the portions of medium and low fluence levels.

local fluence levels of constructive interferen¢geveral However, in the dark zones of the large-period fringe, we see
times the given average valudsr parts(b), (c), and(d) of  the feature of two humps with a valley at the center at the
Figs. 10 and 12 were well above this threshold value. Hencepright lines of the small-period fringe. These features can be
evaporation might also occur in the aforementioned processnore clearly seen in the sideview picture shown in Fig.
Nevertheless, we believe that the observed phenomena de3(b). Then, at an edge of the laser be#with a smaller

scribed above were essentially due to the silicon meltingluence level we see the double-hump feature in the bright

process, instead of evaporation. zones and no feature in the dark zones of the large-period
fringe. Again, Fig. 18d) shows the side view.

V. GRATING MORPHOLOGY FORMED WITH HIGH The features described above can be summarized as fol-

LASER FLUENCE lows: At a certain high fluence level, single-shot laser expo-

For understanding the morphology of grating formegSure can creat_e a double-hum_p feature. However, at a higher
with a high fluence level, we used the single-shot operatiorﬁIuence level, it produces a single-hump feature. S_L'Ch laser
of the UV laser to fabricate gratings. To create different ﬂu_fluen_ce dependent mor_pholcz)gy has b_een observed in thermal
ence levels in a small aréamaller than the typical scanning @plation of other matgnaf@. In the literature, researchers
range of AFM within the laser beam, we slightly tilted the Were dealing with thin films, such as Te-Se-I and Ni-P,
mirror M3 in the UV interferometer in Fig. 3 so that a phase@"d polymers. Typically, they observed a single-hump fea-
gradient was generated over the laser beam. With this af\re at a certain high fluence level. As the fluence increases,
rangement, besides the fringe of the designated perio@ hole was formed at the center of the hump, similar to the
(around 800 nm) there was another interference fringe of adouble-hump feature we observed. Such fluence dependent
larger period(around 6.m) in the formed interference pat- Phenomena were interpreted as the counteraction of two
tern. Figures 1@ and 13c) show the three-dimensional forces. When the bright line of the interference fringe irradi-
(3D) AFM pictures of a grating fabricated in this manner. ates a silicon sample, a shear force is produced to push the
They correspond to portions of the beam center and an edg@lelted silicon aside from the cent€rOn the other hand, the
respectively. The spiky features in Fig.(&Bwere caused by surface tension tends to make the liquid silicon swell to form
dusts on the sample during AFM scanning. The grating wag hump'®?° This is particularly true because the melted sili-
fabricated with a single-shot pulse exposure with an averageon may become amorphous after it resolidifies. The coun-
fluence of 840 mJ/cfh In Fig. 13a), the fringe of the larger teraction of the two trends determines the morphology of the
period can be clearly seen. In the bright zones of this fringetesolidified structure. The result may also depend on the ma-
we can see the feature of a single hump with a small valleyerial properties of the sample, such as viscosity and specific
on either side at the bright lines of the small-period fringe.heat. In our case with silicon, a higher fluence level leads to
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a thicker melted layer and hence possibly stronger surfacACKNOWLEDGMENT
tension and subsurface structure distortion. Hence, a single-
hump feature is formed. On the other hand, a relatively lower
fluence level results in a thinner melted layer and possibly
stronger out-push shear force. Therefore, a two-hump featu
is produced. Such an interpretation might be oversimplified.
Further investigation is required.
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