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HAZ Extent Analysis in

Oday A. Hamadi

Fiber-Reinforced Plastic

Grooving by Laser

In this investigation, the anisorropic extent af HAZ in lascr grooving af fiber-
reinforced plastic was stwdicd By constructing an  analyical model then

F. 0. Box 557150,
Baghdad 12007,
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odayata2001@yahoo.com

camparing resulte abtained with the experimental, A principle of three main
components of anisoiropic thermal conductivity was considered, and then the
equation governing theemal conduction proacess was teansformed to o form
similar to that of isetropic material An amalysiy, based on o threesdimensional

amisetrapic thermal comductivity and a moving heat source, way presented o
predict HAX extent in laser-grooving of fiber-reinforced plastic. This analysis
included prediction of HAZ extent when grooving is parallel to the principad axes
and when it is off-axes. The HAZ extent wax determined depending on
temperafure difference relutive to mateix combustion or char temperature, With
respect o sirvey af previews works, this investigation is a movel atienpt to analize
the extent of HAZL in FRI gprooving by a CW 00, laser.

Keywords: Luser Groeving, Fiber-Reinforced Plastics, Heat-Affected Zane

Receivad: 24 June 2004, Revised: 2 Juby 2004, Accepiod: 3 Aviust 2004

l. Introduction

Composite malerials have several advantages in
industrial and constructional applications due 1o their
high wughness and directional properties. Although
these materials are dried for final formation, mechanical
processing is sull required at formation and production
courses, The conventional processing techniques are
often difficult due 10 anisotropy and inhomogeneous
structures of such materials [1-3]. The excess wear of
processing tool increases reasonably both time and cost
of mechanical processing. As laser-processing tool is
nol wearable and does not contact the workpicce that
may cause il lo dissociale, then using @ laser beam
submits several advamages compared 10 conventional
technigques.

In addition, composite materials generally absorb
C(, laser beam well, so, laser grooving of these
materials is worthy to be studied. Most previous works
concentrated on the experimental aspect 10 determine
surfacc-finishing  features of carbon-fiber-reinforced
plastics {CFRP) or aramide-fiber-reinforced plastics
(AFRP) using COy laser [4-9],

Heat allected zone {HAZ) formauon  depends
extremely on heat transfer rate from processing tool to
the workpiece considered, Using laser beam moving fast
over the workpicee results small affected volume and
hence cutting region of beuer finishing. It was found
that graphite-reinforced composites are less appropriaie
for laser cutting due 10 high conductivity of fibers as
well as high vaporieation temperature [3][10-13]. A 1D
mathematical model describing heat transfer in such
malerials was presented [L0] which prediets maximum
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heat ransfer rate as o function of laser beam power,
Another analysis was presented for groove depth and
width of laser-grooved composites [l4]. A study
including three-dimension processing concepl was also
presented  [15].  These  analyses  indicated good
agreement with the experimental results.

A previous study, including a model prediciing HAZ
extem depending  on the  corresponding  thermal
econduction, was presented, This model determined the
effective value of thermal conductivity in parallel to the
direction of reinforcing fibers [14][16]:

kopons =V +V (1)

where Ve &, ¥, and &, are volume fracuion and
thermal conductivity of fibers and matrix, respectively,
Bath values of Frand &eare taken parallel to longitudinal
axis of [fbers. The [ollowing approximation was

considered o prediet  the wansverse  thermal
conductivity of CFRI as following [14][16];
1 ¥V, v,
e {2)
k, &k, Kk,

The present investigation includes application of
thermal  conduction  model  both  analytically  and
numerically 1o anisotropic  material as  well as
expenmental results of HAZ extent. A model of
anisotropic  thermal conductivity (&), instead of
individual values in certain dircetions, is presented. This
investigation stresses in special on the effects of fibers
direction on HAZ extent as predicted by the present
madel.
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HAZ Extent Analysis in Fiber-Reinforced Plastic Grooving by Laser

2. Experiment

The experimental work and results were considered
Fronmm two previous works of the author [I3][17]. A CW
0y laser system of 60%W output power and Gaussian
mode (TEM,.) was used [18]. A ZnSe lens with Sem
focal length was employved to focus the laser beam in
order 1o raise the power density to value of { L0"W/em®).
Workprece was moved horizontally in front of the laser
beam using a ryz-movable stage of [0ocm's maximum
speed. Mitrogen gas jetted axially 1o the culting region
was used o provide an inert environment and protect
[ocusing lens [rom debrs,

Workpiece wias made of a  carbon-reinforced
composite (epoxy) as libers of 50% volume fraction.
Dissociation temperature  of  the  workpiece  was
determined using thermal gravemetric analysis (TGA)
lechnigque, Table (1) explains values of cxperimental
paremeters and workpiece properties considered in this
analysis [11][19]. Expernmental parameters considered
are thermal inpun parameter (P4 and  dircction of
groove with respect to that of fibers (0°, 307, 45°, 60°
and 907, Thermal input parameter (P4 15 delined as
laser power (P) to workpiece moving at specd () and
includes main processing variables, A Leitz Metallux-3
optical microscope was wsed w measure the width of
heat-alfeeted  zone  (HAZ)  Fig. (1} indicates
schematically  loser grooving of a  fiber-reinforced
plastic,

Analytical and numerical treatments were obtamed
by EXCEL and SIMULATICS software,

3. Mathematical Treatment
A- Cutting along workpicoe axes

The isotropic thermal conduction model submils an
initial prediction for the HAZ as the cffects of
anisotropy, thickness and immersed heat source arc
taken into account.

Laser-produced temperature in xvz coordimates and
time 7,2, is piven as [20-24]:

W I . {3a)

Zanft AN{H-x)

where p = ‘l.l'l": + 1%z and N is thermsl dilTusivaty of

material, Absorption efficiency () of material o laser
beam is assumed to be unity [10][20-21]|23]. Widih of
HAZ (wy,) tesults from the difference between inilial
{T.) and combustion or char {T.} temperatures of matrix
as [1O):
w2 P g ME (3b)
IN' 2mk(T -T) IN
Studying the anisotropic [ormation of HAZ in laser
cutling of FRP emerges [fom cutting along  the
[undamental axis of material structure.  First, an
anisotropic semi-linite bulk subjected to a point-heating
source and moving along x-axis with speed of (v) 15
analyzed and the molien layer is assumed to have a
nepligible thickness [14]. Absorbed laser power 15
emploved to melt the material then penetrate inside the
bulk, whereas the energy required by phase tmansform o
oceur is around (1%) of incident energy.
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Fig.[1}: Schematic laser grooving of a fiber-
reinforced plastic at different angles between laser
beam scanning direction and fiber axis

Furthermore, convection and radiation effects are
neglected compared to thet of conduction [12][25].
Thermal conduction along the main axis ol workmece is
restricted as follows [25-28]:

i ik at AT
gt g P Ol (4)
ot gyt gt o

where p is the density, ¢ is the specific heat capacity,
Ky, ks and &y are the fundamental thermal conductivities

representing  the  initial - conditions  F=T, @
v=tm, y=do o and  coim. Also,
oT il i) ' s
—k;r——k;‘T—A-_1 & o nOgq [5)
elr oy o

at the initial conditions x=vi, p=0 and z=0. The term

4 is the thermal power density [29].

To obtain temperature feld, assume that:

1. Three-dimensional  heat  conduction i the
workplece occurs normal o the erosion frond,
and the beam-material interaction resulls in



complete material removal at the vaponeation
Lemperalure.

. The thermal propenies are consiant.

3. The sccondary hemt source from  oxidmion
reaction 15 neglected  becawse ol inert
surrounding  enviromment, and heal convection
and radiation are negligible [12]]25].

4. The evaporated matenial does not interfere with
the Taser beam, and muliiple reflection of lascr
radiation within the groove is neglected.

5. Poim hem source travels on
workpicoe.

b

[ order to solve Tg.(4), the bllowing substiution of

simplifying lerms are performed:

4 =.J§r- A, =.‘Jf‘b A= “_rs

h
L (®)
V&
where 2 15 2 selective constant o solve the
differential equations,
Steady-stale lemperature is given by
(vl B —1_- =1 e
rr .J;.P g F, (7
i JE bk 2 J,

For isotropic materials, & =4-=&,, then Bgd 7 can be
reduced to Fo.(3).

Thermal conductivity of carbon fiber at temperatures
more than (300°C) is mzher than that at room
emperature  [30).  Despite.  tempermure-dependam
conductivity is ool considercd in the analysis forward:
mean thermal conduction oceurs Tundamentally along
fibers due to drastically incrcasing conductivity at laser-
cutting temperatire,

Equation ol ponlinear  culling  considering
wmperaturc-dependent conductivity is given as lollows
[‘I' -28]:
=k ﬂ: —m —: L - ®

g=" e i

To ubtam lhu 1|.,|11p:..r.nun: ficld, further assumptions
are performed such as;

I. Thermal conductivity is  dependent  on
temperature, while thermal diffusivity {(N) stills
consiant. It 15 moted that specific heal capacity
has  similar  wmperature  dependency as
conductivity; hence the derived diffusivity varies
much less with temperature [30].

There is proportionality between the principal
conductivities, t.e., the three condugtivities vary
with temperature at the same time,

In casc of cutting parallel to fiber axis, we have:

1

(!
"~ where ﬁ 15 a prnpm'llf}ndhl.\r constant cquals 1o
_'k*‘”"'"'*‘" 45 _ .7 16 a8 given in Table (1),
I 0.67

FLS e T

Temperature ol phase transform is given as [30]:

the surface of

0. A Hamadi

0 = [kl I7 (1t
ks
WheTe  Kpunppne 15 temperature-dependen  thermal

conductivity, Subsiiiulinb Eq. (10} in Eq{8) yvields;

A At . 2T
p 20,500 208 08 (1)
ax’ oy’ gz” o

where &, = Bk: — Bk
In order to solve Egl L), the following substitutions
are perfonmed:

| Fra=

|r-|l_ i r:l A 'T_ Er T f s (12)
=y AL SO L] S il (¥ _—_—
e S ‘

where a@is a selectvy constant wsed to solve the
differenual cquation.
Steady-state teriperalurg is given as;

tvpe(8 2)
) = Lu exp s L (13)
-.-.f\l[k bk 8 2\{’;
s, 1 .=
where g _ ft_|__|i
h P

In case of thin slab workpiece of thickness (&), an
analytical solution is required with an assumption that
there is no thermal conduction @l botiom surface as
O 0z =0 at z=d. Though, analytical model above of
an infinite bulk does not provide the desired boundary
condition at ==d where 87 /0= =0 at z == . Therelore,
i s necessary to modily the model according w the
boundary condition of thin slab workpicee.

11 15 possible 1o suppose that laser beam grages on
the groove [ollowed by thermal conduction from this
positien causing material removal and [orming o hea-
affected mone (HAZ), Hence, 1L is nol necessary to place
heat source at =8 as proposed n the provious analyvsis
and for accuracy and simplicity, heat source is supposed
to mave M evaporation deph (z.). Now, Eq.(7) and
Eq.13) can be wrillen as:

i) g nl i
o eXp L 3] e —
o= e i ; ‘,'IIT I EI; E.JJ: i ."-J:
a8 s e rla rlail
{ l4a})
where
g= £+L+—__1:: _;"}I “"":".-’
L k,
2 i1 i
T A 2nd =(z =z, )" (14c)
k& Hy
Yyt e [ 5= YN :
glnsl= et G (20 (14d}
T ks
Taking temperature-dependent  conductivity o

aceount, bemg:
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- 1'_11‘{.21 op voelg 2erl _:-):_-E_EE-:--I'}
e=2T" b $y_ Wb, b, —)
1K & ] = elnel

(15a)
;.;—Jf—}{_’l»,’"“"_:».—l {15b)

ki ka2 Ky
- 1 .2 o (i e ) T
gzn;J’f_F}_q ;’".‘r‘:-_-n.}"_ (15¢)
ki ka2 ks
;r_.n_'_]=Ji+£+[2nff+['_’u2,,]}: (L5d)
Ki ﬂ.:: k1

Extent of HAZ is determined by difference with
respect 1o matris  combustion or char lemperature.
lteration is performed between vaporizalion depth and
HAZ extent until the agreement required is oblained.

B- Cutting off workpicce axes

The analysis presented in the previous section is a
special case of laser cutting but in general, laser-cutting
process is applied in any direclion relative to fiber axis.
Therefore, a suitable approach to predict HAZ exient in
ofl-axis laser cutting is needed.

The equation governing cutling process 15 given as
[25]:

A =1 1 g
b i+k‘" F_T‘:" A L—:I:‘H-’f.‘ k) ? :r +
e e 8" i o Sxdy
‘.:T “':T a7
+ky +ky, l——;“‘_: +(kyy 4 kr}éﬁ.-_'_!x‘:? {16)

where k=&, according Lo reciprocity law,

It s worthy noting that in case of k=0 (i#]), Eq.(16)
15 reduced wo Equd). Despite, it is difficult to present an
analytical solution for Eq{1&). In this investigation, a
numerical solution of the anisowopic groove was
presented by the finite difference method (FDM).

Thermal conductivity of anisolropic solid includes 9
components called conductivity parameters as follows:

'{"n -4 ':":: 'i‘_ﬂ
k| by k=i Ky (7)
31 &y, kg — A

where A is the cigenvalue.

The workpicce can be considered a monoclinic case,
ie., kp=ky=k.=k;=0. The principal conductivities
satisfy Eq.{17), hence values of &;; and &y, as well as
those in desired directions, can be deduced from
Egl7y. Walues of &, &> and & are considered
eigenvalues for Bq.(17) and the coordinates (x.y.z) can
be tansformed to principal axes 8, 8, and 8; as
[1eN25H31):
b8 kB kB =) (18)

where k;, ks and &; are principal conductivities and
B, Brand #; are principal axcs.

The effect of temperature-dependent conductivity on
the HAZ will be considered in off-axis cutting process.

Temperature-dependemt  conductivity  along  culting
direction is given by:
ki)™ By %R oo (1) (19}

where 7,/=1.2 and fi, is the propariionalily constant.
Boundary conditions ol an anisotropic thin slab
irtadiated by laser are:
In x-direction at x =
o (7

= ""E“"“E*"” -7.)=0 {20a)
Aty=L,
= iy i
k..‘—f\l—&,:f—?+h(?‘—?;__] 0 {208}
(5 av
In v-dircetion at =g
3 vy
-'g‘:tt_r_kn 2L + T =T)-0 (20c)
ALy=L, I
*. 5
k:lfa_r_‘tzzﬁ +WT=-T,)=0 120d)
oy oy
In z-direction and at z=
aT z
—kyy—+HT-T)=0 {202)
o=
At z=[.
ar
kyy—+h(T-T,1=0 {200
a2
hA (=00 )
B (T-1)
hA ST

Fig.(2): Heat flow in three-dimensional thin slab

Considering a three-dimensional body as shown in
Fig. (23, cquations of the FDM arc derived from central,
lorward and mixed partial formula, then the numerical
Gauss-Seidel iteration is cmployed to solve difference
equations presented above,

4. Results and Discussion

As a workpiece is grooved by laser at cenain cnergy,
the heat-alfected zone (HAZ) definitely cxists because
width of HAZ depends on laser energy per unit lengih
of proove, known as thermal input {749 [32], As shown
in Figure (3) coxplaining width of HAZ, which is
approximately proportional to (P}, width (wy) of HAZ
is larger in a direction perpendicular to fibers than in
parallel. Since carbon fiber has thermal conductivity
much less in transverse direction, then thermal damage
is ocourring through fibers whereas it is limited to a
narrow region when grooving parallel to [fiber axis,
Therelore, the HAZ is extended more in the
perpendicular case.
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Fig.(3}: Variation of HAZ width vs. thermal input in
both cases, parallel and perpendicular to fiber axis

Walue of thermal conductivity in g3 15 1aken
from Table (1) where f=f=5=k=0.67W/m.K in case
of groove parallsl 1w bers and &=k, -4 =£=15WinK
in case of groove perpendicular to fibers, Also, density
(o) is {153€J&g-’¢|§1'] and specilic heal (o) = (9500 ke K.
as shown in Table (1)

Table (1) Experimental parameters and properties of
carban-reinforced epoxy grooved by CW CO:; laser

Property Units | Value
Density kg L334
Specific Heal Tkp K UETH]
Cher Tomperature K 611 -
Thermal Conductivity 4.5 an 0
1541 al 307
Wink it 204 a1 457
| G24 al il
(67 At =
Thermal Diffusivity UG 0T arin
m'is 20249 10" w450
4 h09x 107 ot
Laser Power W 50
Warkpicce Spead mm’s |-50
Prooortsonality Constant 5§ 6. 716 -
There 15 some deviation in values duc te our

previous assumplion of individual conductivities of
ansotropic material, As heat is condugted along fiber
s more than predicted by the isotropic model, then
' values of HAY width can be predicied in
both cases, parallel and perpendicular, as shown in
(4} There 15, duc 10 these resulls, real
requircment for an anisotropic analysis,
Egi2t and LEq.(3) mdicate both the positive and
aiive slope of HAZ width (w,) varving with thermal
3 (A1 Al prineipal values ol conductivilics
lie on the positive slope then sroovme
ar to liber axis should cause HAZ to be
1 that m the paralie] case. Although, HAZ s
mned only by thermal conductivioe, Maiox
char wemperature (1), which determines the existence of
HAZ, 15 affected as will be dwscussed |mer. Larger
thermal conductivity distributes heat more cflectively
and the resulted wmperature gradient is small as shown

1

0. A Hamadi

in Figure (5}, In both high and low levels of lemperature
difference, the resulted HAZ width faw,) can be cither
mereased  or deercased  whth inercasing thermal
conductivity () and i case of currem anisotropic
naterial, different wvalues {4 are wsed in both coscs,
parallel and perpendicular. Although results indicates
that parallel groove ciuses lesser thermal dimage o
magerial,  effects of char  temperature (T3 and
conductivity  comresponding 1o different  grooving
dirgctions must be considered. Undesired  grooving
direction cavsing wide 1AL is alse a Munction W T,

Vo JEE
+ Farallel evp
b ———— Pkl gar T
X Pemd oig e
| T :-a'_l\'1|‘ L o =
L b ¥ =
=
1 _______———__--- +
| b+ +

&
Poy gy

Fig.(4}: Variation of HAZ width vs. {hermal input al
To=30%C and x=5mm

Lz
Ecan

iy
Fig. (5): Temperature gradient in y-direction for both
cases of grooving

Max WAT

oy Forermpias g Wi
g s g ey

Substituting (7, =633K) [33-33), @t is possible w
determine the extent of HAZ and z, as © 15 consant then
integrating with respect o v and = vamables wnnl an
aceepted agreement s obained. Hesulis of HAY extent
obtained from this model are compared 1w
caperimental results shown m Fig, (6,

Fuwaions (1-3) coniinm that both & and & are
represenied by matnx condactivity and & represceots
Fber condictivity as prooving parallel o liber zxis.
Variztion ol &, with temperature is more fmponant than
thm of both &= and 4. Despite the effect of wemperntore-
dependem conductvity was nol considered an the
analysis ahead, this mvestigation assumes a value of
lemperaturc-dependent  conductivity  taken  from
reference  [30]. Ficst simulation model  supposing
constant & shows HAZ extent smaller than expeeted al
higher laser power in bath paralle]l  and

5
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HAZ Extent Analysis in Fiber-Reinforced Plastic Grooving by Laser

perpendicular, as shown in Fig. (6). As laser grooving
and cutting of such matenals rcach wo high
temperature, then effective thermal conduction of
workpicce  increases  greatly @ groove-formation
temperature, which in turn reduces prediction accuragy,
Fig. (6) shows that taking cffect of temperaturc-
dependent conductivity may ¢nhance results especially
at high Phe,

w (el
= Papend Ty 1140
6 b =Topmd. Eq {14a)
Paralld Fip (1 5w —
o 3 — Baralld £-|.||n3_ﬂ_,.,..~:'..':f_,--
: '/;"'"’-
.-'-"'"_'-'-F
s je=—"
--_'_-_,.u'-'--r'_ —
2 _'_'_'_,_,_.--'-_"__'_,_.--".-o—
e
m i i i i
1] 1] n L1} B ] L Al

v A el

Fig.(6): Analytical results of HAZ width vs. thermal
input according to Eq.{14a) and Eq.(153}
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Fig.[T): Experimental resulls of HAZ width wvs,

thermal input at 0%, 30°, 60° and 90° grooving

As mentioned above, Table {1} indicates values of
parameters used in this analysis regarding the boundary
conditions and principal equation governing il. Figure
{7) indicates HAZ cxtent measured experimentally at 07,
30°, 60° and 90° rclative to fiber axis. 30%-groove width
of HAZ 15 smaller than that in 60° because the carbon
fiber has o thermal conductivity along fiber axis higher
than in transverse direction, Hence, grooving paraliel 1o
fiber axis resuls narrower HAZ than those of
perpendicular case, e, grooving with a dircction closer
to fiber axis leads Lo larger HAZ,

Figure (8) shows a comparison between
experimental and  analytical resultis  regarding 2
temperature-dependent  conductivity. This assumption
improves prediction results more especially at high P
An agreement between prediction results of grooving at
30° and 60° relative 1o fiber axis with the experimental
results is shown.
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Fig.(B): Experimental and analytical, according lo
Eq.(19), results of HAZ width vs. thermal input

5. Conclusions

In this investigalion, anisotropic extent of HAZ in
laser grooving ol fiber-reinforced plustic was studied by
constructing an analytical model then comparing results
obtained with those cxperimental, A principle of three
nm@in components of anisotropic thermal conductivity
was considered, and then the cquation poveming
thermal ¢conduction process was transformed 1o a form
similar 10 thet of isotropic materiol, Apalytical and
experimental results proved that thermal conduction in
warkpivee depends on fiber direction where heat flux s
principally along the direction of liber axis as the
thermal condugtivity 15 higher in this direction. An
analysis, based on a three-dimensional anisotropic
thermal conductivity and a moving heal source, was
presented to predict HAZ extent in laser-grooving of
fiber-reinforced  plastic.  This  analysis  included
prediction of HAZ extent in case of grooving parallel to
the principal axes as well as the numerical results
obtained by FDM in case of grooving off-axes. Also,
HAZ extent was determined by numerical nteration
mcthod depending on temperature difference relative 10
matrix char lemperawre. As a main  conclusion,
minimum HAZ exiem was obtained when grooving
parallel 1o the fiber axis,

Acknowledgment

Author thanks Prof. Dr. 4-M. §. Almed (UOT, Iraq)
for the course of numerical analysis. He would like to
appreciate both Profl D W K. Homoudi (UOT, Iraq)
and Praf. Dr. R A Ismad for their beneficial
discussions, Thanks for Dr. B N, Ruoufl Dr. N Al
Rubaiey and My Salak. N Abdullad for their unlinited
experimental assistances.

References

1y V. Kurhukharov, D. Dimitrov and D. Toncher,
fefrarved Plos., 29(2-4), 415 (1989},

21 V. Pleteni, F, Case and T. Negas, J Mar Scf. Lett.,
9, 133136 {1990),

3) 1 Shingematsu et al, S Ceram, Soe. Jpa., 1D1(3),
604-6006 (1993).



=}

g)
9y

L0y
11)

W. W. Duley, "CO.
Applications™, Academic
pp.271-274, 333-35].

1. Ready, Proc. IEEE, TO(6), 533-540 (1982).

W. Steen and Jo Kamalu, "Laser Cutting™,
Norhland Pub, Co, (Lendon) {1983) pp. L §, 97,

D. Schoucker aned W. Abel, Proc. SPE, 435, 88
{1983)

1. Powell, "COx Laser Cutting”™, Springer-Verlay
(London) € 1993) [03-114

1. Ready, “Industrial Applications of Lascrs™
Academic Press (London) (19496) 88,144,146,

V. Taghaleert ¢t al,, Composcies, 1o, 317 (1985)

G, Chryssolowris et al,, ASME S Ere. for Industey,
10, 65 (1988).

G. Chryssolouns, I, Sheng and W. Choy, ASME 7
Eng. Mater. Technol, 112, 387 (1990).

1. AL Simon and O. A, Hamad:, fragi S Phes, 1,28
(2003).

G. Caprine and ¥, Tagliater, Mt S Mach, Tools
Manef, 28, 389 (1988).

G. Chryssolouris, P. Sheng and N, Anasuasia,
ASME J. Eng. frelsory, L15, 62 (1993},

R. 0. Cowan, [ Appl. Phes, 34,27 (1969).

0. A. Hamadi, M. A. Ahmed, R. A, Murkab, A6
Mustansiriva J. Sci., 12, 307 (2001}

N, Al-Rubaiey, D, Raoufl, and Q. Hamadi, 2. Eng.
Technad, 22, 1 (2003),

5. George, 5, Springer and W, Tsm, J Cowpesite
Marer., 1, 166 (1967).

Effcets and
{(XY) (197a6)

Lasers,
Press

I Harrv,  “Industrial  Lasers and  Their
Applications”, McGraw-Hill (London) {1974}
120-124.

Ad)
33}

) M

0, A Hamadi

Bass, "Laser Material  Engincerinoe”
Nonthland Pub, (OQxford) (1982) 36, 201

W, Sicen, "Laser Material Processing”, Springer-
YVerlapg (London) (1991, Ch.3, 5.

[3, Bellore and M, Levir, "The Industeial Laser
Handbook", Springer-Verlag {London) (19933, 2-
iy

L. Mighorz. "lLaser Materials
Marcel-Dekker Inc, (NY) (1996). Ch6
H. 5. Carslaw and §. €. Jacger, “Conduction of
Heut in Solids™, Clarendon (London) (19549, Ch. 5.
13 Lobao and A, Povitsky, “Modeling of Mlume
Dyvnamics in Laser Ablation™ 20003, privare
SRR TRt s,

M. Lepore et al, Proc. ICALECHR S {Los Angeles),
I8, November 14-17 { 1953)

L. V. Zhiglel, Appl. Plivs. A2 Mater. Sei. Provess,,
T6, 319 (2003).

M, Bouunguiza o al., J Laser Appl, 14, 9 (2002}
W, Powell, “General Discussion on Heat
Transter”, (London) (1850), 290

il = nw
Processing™,

) W I Parker et al, S dppl. Pls, 32,679 (1961).
} H. Hocheng and C. T. Pan, Proc. ASME, 66, 133

(1993).

G, Spurand $. Lichelt, 4% fur. Conf. of Composites
Eng, (MOCES), Big Island {USA) S99 (1997},
privale communicalions.

L. v, hagilet et al., Chem, Bev, 103, 321 (2003)
LI, 5. Sathyam, A, Shearin and 5. AL Prabl, Proc
SPIE, 2970, 19 (1997

This article was reviewed ad Laser Rescarel Unit, University of Technology, Buphdud 35000.and Center of Plvsics
Science and Rexearch, Minisiry of Science and Technolagy, IRAQ

Sl il o ] i el e o 8 b B A il ol

P55 LN el SELD s g adad i B L a3 S0 Al B o ) el e g a1 B
el G ey Jiad 4l o5 Ll Alandecd) U5 pa die dluandendd Al L fhey Ghiad phgal sl SHE e 5

3y il Al 3l 5 i) i) Flad wplas 0530 Sl By 2 At

e

S S g pe S e g

S Gy e Sl it LB e B el g pally papend Jdat SRa B3RS LD el el el
Pl e b A e lalde BRhiad plad seeat S0 s g e glaatl a2 x A5 Slaal p el 2 leatladi al
25 A al ada b AR Jus¥) e Sl ol ad o3 pall 0 I A Bl A e 5 a0 ) A
[ETTELL IS S L WIUREL AR PRI, PP RUT- T S5 T R PP P SR 3. LU S AL T Ly TP



IRACH JOURNAL OF
AFFLIED PHYSICS

L aal
A s

Faiz H. Al-Berkdar
Dayah N. Raouf
Falih H. Hamza

Iragi J. of Appl. Phys,, Vol.1, No.1, 2005, 8-10
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FRF(26 V=R rransifions was abrained, The fine taning of laser wavelengih way
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1. Introduction

Since the first €O laser operation by Patel m 1464
[1], the CO; laser had received a prea deal of attention
[2]. since, because it has a wide range of applications
such as optical pumping |3}, optical radar [4], culiing
and welding of meals [5], medical applications [5],
spectroscopy | 6] and waveguide lasers [7),

In this paper, the basic laser Svstem  design,
speration and characlerization, as well as lme wuning,
are described,

2. Experimental Work And Results

Figure {1} shows a schematic diagram of the laser
svalemn. The laser is consisting of two discharge pyres
glass tbes, cooled by cold water flow at 57U, supplicd
and circulated by a covumercial chiller, The discharge
tebes lies on a common optical axis, The close ends of
the discharge tubes were mounted and scaled onto an
carthed stainless sicel elecimode. The far ends were
connected and scaled onto the anodes, stamnless steel
clectrodes, each anode was connected and sealed onto a
snless steel block, The port of the blocks were scaled
by 2a NaCll erystal plates inclined at Browster angle ()
[8] which is determined by:

.
- 2 5 8 T
f,=tan" -

56,13 (1

where mu and g, are refractive indices ol MaCl
crystal and gas, respectively,

This will allow the clectde field in the plane of
incidence W be transmitied only, Also, this will define
the polanzation of the laser output beam

The optical resonator consisting of a grating of
~99% reflectivity, and 10Mincimm (ML302, pir oplics
Corporation) used as back reflector, whereas a partially
transparent ZnSe mirror of §0% reflectivity, 7.5m radius
of curvature and 2.54cm dimmeter was used a5 outpul
coupler. Table (1) summarzes the optical laser beam
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parameters | %], for the TEM,,, mode, minimum spot size
fw,), beam waist (w) and far-field divergence angle {6,

Table (1); Laser beam parameters

Paramicter Value
Laser cavity length 2.2m
Mirror radius of curvaiure T.5m
Liser wavelength L0591 um
Beam spot stz at plans mireor (o) 4.03mm
Beam waist at 7.5m mitror | o) 3.9%mm
Beam divergence (£) | mrad

Cavily armangement Hemusphenical

Copymight < NHS BAREST. All nghts rowrend

The ZnSe mirmor was mounted on o piceoclectric
tranaducer (Burleigh PZ-90) derived by o DC power
supply  {P2-62) piving mirror axial movement  of
T KV e control frequency  shift and
maximize the output power. The mounted ZoSe nnmor
was bolicd onto an aluminum plate, also. the grating
fiolder was bolted omo another aluminum plate. The
two aluminum plates were placed on a ~2.3m long
metal rail. A distance of -2.2m between the two
aluminum plates, which defines the optical  cavity
lenpth, defined by two mirrors separation hold lixed by
joining the two plates by three parallel quarntz whes. The
latter lwbes were fixed ento the zluminum plates. Tius
arrangement gives frequency shifl given by [3):

any

Av - v ahl {2]

where v, is the laser requency (=2 83510 'He), 2 s
the quarts thermal expansion (~0.42x107"=C) [10] and
AT is the wmperature change (=17C). These daa give
lrequency shilt of 2= 1] 901, This is a quite small
shifl in the frequency compared with the doppler hne
width of -60MHe for T=400K, p=10 1w for the pre-
Eas mixiare used,

A L00lme'mm grating was used for line luning of
laser wavelength, The laser blazed at llteow angle (),

Pantod i IRAL
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for cach panicular transition, according to the equation

(1]

g A

g, =sin” — 3
; =50 d i

where n is the graling order, A is the laser cmission
wavclength and o is the grating spacing, For n=1,
A=10.591wm and d=001mm, gives h=3197. The
minimum passive resolution for the grating is given by

L)

Ky mes (4)
nAN

where ¢ is the light velocity, and M is the number of

lines covered on the grating by the laser beam. For n=1,
A=10591pm and N=[600, gives Av=17.7GHz The
lavter frequency bandwidth is smaller than the frequency
separation between two adjacent vibrational-rotational
(V-R} CO» molecular wansitions for the [0.4pm and
9.4pm bands for P and R branches, where the frequency
separations are aboul 53GHz and 38GHz (or the ' and
R branches for 10.4pm and 9.4um bands, respectively
[12]. The small Aw=177GHz will make single
vibrational-rotational (V-R) transition oscillation for
eertain fheA) at a time. However, two line oscillation,
LOP(LS) and 10P{16) for free runming (mewl back
mirror and ZnSc outpul coupler) was noticed duc o
gain equalization between the lines, and by replacing
the back mirror by the graling again, single ling
escillation was obtained again. The grating was rotated,
such that the incident laser polarization was normal 1o
the grating grooves 10 obtain moaximum reflectivity for
the incident polarization.

The maximum laser output power of I0W for the
LOP{20} vibrauonal-rotational {V-R) transition line was
obtained using {12.53:14.3:73.2) COxNaHe pre-pas
mixture. The pressure of 14 torr and 9 torr at the input
and output of the discharpe tubes was controlled by
needle valves, and a fast gas flow in the discharge wbe
wias achieved by using a 30m’/he rotary purmnp. The
optical eavity was consisting of [00Line/mm grating
{back reflector) and $0% rellectivity ZnSe outpul
coupler of 7.5m radius of curvawre. However, other
vibrational-rotational  (V-R) transiion  lines for all
branches were obtained and summarized in Table (2).

Table (2): Laser vibrational-rotational (V-R) transition
lines range
9. 4pum band
Ri26)-R{12)
P12}-P(36)
10 4um band
R{12)-R{28)
P{8)-P{36)

E branch
I* branch

R branch
P branch

3. Conclusions

ACJOW CW COs laser was designed, constructed
and churaclerized, The luser is ling tuned. planc
polarized and covering wide range of vibrational-
rotational (V-R) transitton lines. However, the main
problem with the laser was the mirror and grating
damages when a high rellectivity (M%) cutput coupler
was used. The reflectors damages were avoided by
wsing lower reflectivity mirror, such as 80% or 62%
reflectivity. The high rellectivity mirror was used only
when tuning the low gain lings cmission, such as YR(22)
and [0OP{38). This laser is quite uselul for applications
as aptical pumping for FIR laser emission,
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1. Introduction

The deposition and processing of wideband zap
ransparen! conductive oxwdes (TS belereunclions
mave become the topic of many reeent investigations for
et generation ol very large area solar cells [1-5]. One
f most inpoclant matccials of TOOCs s indiam
(InsCah Ing@dy 15 2 wide-band zan  (3.62V)
onducter with netype conductivity. It has a higher
value of mobility [or free carriers and thus shows betier

the growth of polverystalline In,0; films [7]. One of the
promising techniques is the chemical spray pyrolysis

[8]. This technigque s low-cost, sonple, and
rehable, In this lechnagque, ligh ellicient solar celk have
seem made [9-12]. Recheva e of [13] showed 1bhat In-
I 2in-51  heterojunciion
wdetector (PSPY has good linvarily charsctierisics.
er, wo roporl our experimental resulls on
tronics propertics of ImOan-51 helerojunction
C5P technigue. These results are compared
he conventional p-n junetion silicon photodiode

positien  sensilive

this

2. Experiment

Tl starting  material  owsed  in the present
n 15 single crystalline pyvpe sthoon walers
ation of (1117 and resistivity of 1-3 £om.
v were preliminary cleancd by boiling aleohol and
dried and then eiched with dilute HF actd to
uve oxide, The heterojunclions wers preparcd
g 04M of an agueous selution of [InC ono
> silicon and gzlass subswaws beated and

[S5N 1513-2065 Cupymighl 4% 2005 AR RS

matntained at 400°C, In:C thin [Glm fommation can be
explained by the following chemical reaction:
a4 3H O = Fr, (0 4+ BHOT N

The experimental set-up of TSP svstem 15 preseoied
in Figure (13, The thickness of polverystalline In,Oh
flm measured by pravimetric method (weighing the
substrate before and aler Nl deposition) was about
200mmn,

Fig. [1): Experimental Set-up of Spraying Apparatus
(Right), and Layout of Enlarged Spraying Glass
Nozzle (Left)

The transmittance of the o that deposited on glass
substrate was estimated by usimg spectrophotwameter .-
9 oin the range J00-12300om. Secheck measuremems
have been used to investigate the elecineal condoctivily
type of Ingd: fHlms. Ag electrode was depositcd on

All siphts reservinl Privted o TRALDD



Optical Response Characterization of InyOy/c-Si Prepared by Spray Pyrolysis

In:( film and Al glectrode was deposited onto the back
surfuce of Si substrate through suiable mask with
450nm thick, using thermal resistive technique, The
structure of heterojunction photedetector is shown in
Figure (2). The sensitive aren of the detecter was around
25mm’. The spectral responsivity at zero hias was
measured using monochromator in the range 450
1100nm.  The electrical  charzcwristics  of  the
heterojunctions  were  examined  using GV
measurements at frequency of 0.3MHz Diode laser
with wavelength of 904nm and pulse durtion of 100ns
{(FWHM) was used to measurc the risc time of
photodetector, Storage CRO (100MHz hand widih) was
used Lo cstimate rise time of photodetector.

//’

Fig. (2): Cross-sectional view of heterojunction

3.  Results And Discussion

Figure (3} presents the transmittance of IOy films
{200nm thick) in the spectral range 250-1000nm. It is
obvious that the film exhibits average iransparcncy
around B0%, this property acts as window effeet for
visible and near-IR regions. This properly is suitable for
silicon photodetector fabrication.

Tintiaditiasion

%)

# B B B
H

o 1200 ]

Wirswlss gl by | nam

Fig. (3): Transmittance against wavelength curve

The flm thickness sclected here 10 exhibits high
figure of merit (high T/R) where R is electrical sheel
resislance,

Secbock results showed that conductivity type of
In+0; layer was n-lype, therelore, 1solype heterojunciion
was formed.

Current-voltage  curve  (shown in Figure  {4))
demonstrales pood  rectifying  behavior, <

12

(rectification factor is about 1250 ot 1'Vaolt bias voliage),
No sofl breakdown is observed in this junction, The |-V
under illumination with white light (150mWien')
shows good response and no saturation has been
observed.

Curdent [mH

129 .i
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&0 ,{
m I
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i f
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Fig. (4): IV characteristics in forward and reverse
bias under dark and illumination conditions

C-V eurve of the isotype helerojunctien was shown
in Figure (51 This plot confirms that the junction wis
abrupt type and in good agreement with the standard
theory of emission model developed by Anderson [13]
Since the band bending is primarily on the Si side. the
C3V intercept (not shown here after taking into
account the surface capacitance () of IV on x-axis is
cssentially equal 1o the difTusion potential within the 51

Capadtanca

] ] 2 3 4 5 [
VaRage [V}

Fig. (5): Capacitance vs, reverse voltage curve

Figure {6} reveals the spectral responsivity plot ol
hetero-photodiode. 11 is obvious that the peak response
was al 600nm, this is because the band gap of Intd
layer. In contrary to the conventional 5i p-n junction
photodiode that has peak response at 900=50nm. The
shape of responsivity at the low wavelength region
depends on the surface condition. Thotons of these
wavelengths are absorbed at the vicinity of the surlace,



they generate charge cavrier paws, which may

re ne, before they reach the junction. The
I'e nation  reduess  carier availahility and

quently the responsivity [15]. On the other band, it

5 dent from Figure (5) the responsivity curve has
Gll-off steeper for short wavelengths than  long

wavelengihs remon, For short wavelenmhs, this elfect
sttributed to the parasitic light absorplion in the
12 band-to-band transition) [16],
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extermal quantumy cfficiency (EQE) curve s
presented 1 Figure (7). s maxnnum valus s small io
companson with silicon homojunction and olber bypes
. erojunctions; this is probably due to the mterfacial
states anises from the defects accompanicd the high
mismatch between Iy oand 51 (about 60%,
srsing from cubic structure of Im0y). The perlormance
of photodiode under spectfic operaling conditions s
defimed m oterms of certain fipures of merid, The mast
portant fTgure of merit 15 specilic spectral delectivity

The expression for ' of o helerojunction
photodiode is given by:

WEEiICE

R. A lsmail and . A A Sultan

P

D == = £

2hel 1

where 15 saturation current [G00nAY, A4 15 sensitive

arcy of photodiode, ¢ 15 electron charpe, A is Plank’s
constant, and ¢ 15 speed of b

F

Figere (8] shows the dependence of 2 (calouiated
fron equation 1) on the wavelength ac 300K, Maximun
value of I3 is comparable 1o that For diffused silicon.

Tine analysis resull shows that the rie tme of this
phetodetector is around 30ns and the Tall tme is lonoer
than 30ns. Mo significant change in the photodetcetor
main  parameters was  chserved  when  operating
temperature was raised to 60°C, Indicating good thermal
stability characteristics.

o oata'
{emHz' W)

3

4

0.5 i

L H0a 404 G0 BOO 000

Wawvelengih {nm)

Fig. (8): Specitic detectivity as a function of
wavelength

4. Conclusions

We have studicd clememary charactieristics of
0751 heterojunction  phetodiode 1o provide an

ceonomical visible-enhanced photodetector in contrast
1 silicon homojunction photodiode. The sensitivily o
the red line is interpreted to the avoidance of inlerfacial
reactions, These Tesulls demonstrate that the Tnls/5:
heterojunction 15 2 twchnologically  atiractive  hetero
pairing for the creation of photediodes applicable in the
visible speetrzl range. Optimization of photodetector
pecformance by controlling the deposition condition of
InoChs 3lm 15 underway.
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Varwous faser wavelengehs have been cmploved o synthesize fumirescent sificon
aanecrysiallites by laser-indueed erching process wsing Argon fon and Nd: YAG
favers, These manocrystallites exhibic intense lpht emission in the visible regiom
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i. [nrrgdu{-tmn by Suemowo ot al. [13). assuming that cach pamile

zin of strong visible photoluminescence (PL) constiuling PS5 contributes a sharp lunminescenee. Later,

2 room temperature fom nanocrvstalline silicon and  Yorikaws and Muramatsu [14,15] Introduced effeets of

sorous  silicon  (PS) [1] has been  extensively  1he sive distrition of nanocrystallices in that madel, For

mvesugmed over the last decade. Much ellort has been @ sl distribution function O¢Ry | the PL O intensity
cused on the control of the light cioission properties (L0 cortain energy an ¢ written as:

snlicon npanocrysiallites and porous silicen for s ) . I o
S R R T e L T ey SNEY=coff | —EIIR) - — {1
smable unlrzation n optoclectronics applications [2-5] e n g g0,
T} B e~ N T A
§- on wavelength of gt from porous bivier can b oo . I L
B L . where E7, is the gap energy of bulk silicon, Ry s the
¢ umply changed by varving the sample pocosity, Vo
E = erystllite radius defined hy Ry by Eap 18
seslly, P5S 15 fabnicated by clectrochemical crching of s . ol 5 i the b
= o the exenation photon ener 215 the band wap energy
eheon waler in HF acid that gives browd PL band P £ ! PrEncE

for vartous crystallite seees, ¢ is constant, a (T 18 the
absorption cocificient of porous silicon as a lunction of
coergy [16] and n=2 for two dimensional quantum
wement {i.c. wive-hke structure) [ 17.1%]

The porous laver formation n the anadizsien
echnique could be obscrved by applying a cenain
current densitics below the electropalishing regime [19).
Wheseas in laser-induced  elching process, the pore
formation occuwrs only ot the charpe carriers regons
[12], which metiate ihe chemical reaction, This step s
followed by charge camiers rearangement due to the

charactenisuc of a large nunocrystalline sive distribution.
Pootachemical ctehing [6-12] with laser provides an
shtermarrve method to produce and control the siee and
smaon characteristics of P5.

The photolumineseence from silicon nanocrvsials 5
saily stmbuted to the clectron conflinemen in low-
sion. The clectron coenfinemenl in nonameler suze
crvsialines Jeads 1o a blue shift of the band gap. In
1lic 2 sire reduction moves the fundamental band
:.;.;,l, rn."*iurn t-;:- the ~.'~c|"1lc r-:"iun.

LM

variation of the surface environment. These
CAMTICTS dcc umur'l' = in the posons whers 51 atoms are
removed causing further chemical reaction |20, This
process  reconstructs  the surface, the  reconstrocted
surfice bas microstruclures ol various shapes and sizes,
though columnar microstructures are more prefemed

and radiatve Difeume I-]uwf_".'c:r, the
confinement cffeet alone doss not explam the broad PL
which typically exhibits o large FWHM ol
size distribution in the [aver, The siee ol
tes can bg determined by a model proposed
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Laser-Contrelled Pheteluminescence Characteristics of Silicon Nanoerystallites Produced by LaserInduced Etching

shapes. It 15 expected that the microstrucure and surface
morphalogy of the photosynthesized PS layer prepared
by laser-induced ctching depends on various processing
parameters such as laser wavelength, irradiation lime,
laser power density and the substrate orientation and
conductivity.

Adm of this paper is o investigate effects of the laser
beam paramelers on porous silicon produced by lasce
induced eiching process as well as 1o control the light
cmission characteristics of silicon nanocrystallites
produced by this process,

2, Experimental Procedure

Commercially available non-pelished single crystal
n-lype 20x10x0.4mm’ Si wafer of 10£lem elecirical
resistivity was  inmersed in HF acid of 40%
concentration. The immersed wafer was pul on two
Teflon plates [18], Laser ewching was done by using
different wavelengths from argon-ion and NA:YAG
lasers, Table (17.

Table (1): Specifications of the lasers used in work

* P 1 P r

Later Madel fum) W Trnrad ) {amen}
o 05145

Asim b'ph“‘.’:" 0485 | 3 2 3
e 0,457

. | Coherenls ; 4

Nayag | SRSl yae | | 28 17

The samples were etched or 90 minutes of exposure
with the laser after which they were rinsed with dhanol
and dricd in air [15). The lascr-irradiated arca was
visible o the naked eye and has a brown-red color. We
have stwedied the PL of the photosyathesized PS
prepared by different visible wavelengths from argon
ion laser with a power density less than 0.2W/em® to
avoid excessive heating. To study the effect of one laser
parameier, we have kept other processing paramelers
constant.

3. Hesults and Discussion

The laser wavelength

We have obscrved a two-peak PL emission [rom all
the PS5 samples synthesived by visible wavelengths,
which indicates existence ol two PS  layers and
corresponding two Gaussian  size distributions  [21].
Strong PL from these samples was recorded with photen
energy of 2.71eV with different peak inlensitics from
samples ciched with differen wavelengths, Figure (1)
displavs the PL speetra of PS produced by LIE with
difTerent wavelengths, Bach PL peak observed from the
luminescent layers (dotted lines) is fitted with the
quantum confinement model (QCM) {solid lines) with a
Gaussian distribution function 1o edlimate the mean
value ol nanocrystalliie sizes. When the wavelenzih
541.5nm was used [or etching, a brown-red spot has
been clearly seen by naked eve after the eiching process.
The mean values of nanocrystallites estimated by fiting
the PL spectrum with the quantum conlinement model
were (26A) and {23.9) for the (1.85e¢V) and (1.97cV) PL
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peaks, respectively, see Tauble {2). The FWHM of PL
spectrum was (340meV) as shown in Fig. (1a). Also we
have used 488 nm laser line for eiching, where a sinilar
color spot could be scen. The P8 layer thickness in this
case i5 less due to the difference in the penetration
depths o 514.3nm and 488nm in silicon which are
O.6um and 0.4um [22], respectively. The PL emission
from this sample is weaker but blue shified, the PL peak
position were  (1.9%6¢V) and (2.07eVY, and
comparatively narrower with FWHM of {320meV'), Fig,
{1b). The mean crvsiallite sizes clearly indicate presence
of smaller sizes compared with the longer wavelenpth,
Mareaver, o blue light (477 9nm) has been used for the
LIE process. In this case, the laser power density of
LOW/m" and irradiation time of 90 minutes was not
sufficiem to synthesize the PS layer. Therelore, we have
increased the power density to 12W/m'® and irradiation
time 10 120 minutes. This layer could be distinguished
under un optical microscope. The PS layer has very
small thickness since the peneiration depth of this
wavelength is only 0.2um [22), The PL intensity of PS
prepared by blue light was low although the PL peok
positton indicates abundance of small nanocrysiallite
sizes, This is attributed to the low density of smaller
nanacrysiallites in the PS layver. The FWHM of the PL
15 (~4meV) as shown in Fig, (Ic).
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Fig. {1): PL spectra of PS5 recorded with photon
energy 2.70eV, The experimental data (discrete
points) are fitted with the QCM (solid lines) (each PL
peak was fitted separately)

Cine step and two steps LIE

Fig. {2} displays a phowluminescence speetrn of
type Si ctched with laser light of 12Wim® power density
for a duration of 90 minutes, a) for a Nd:-YAG laser, b)
argon-ion laser and ¢) two-step cteching Nd:YAG
followed by argon-ion laser. The photon cnergy of a
Nd:YAG laser {1162V is viery ¢lose to the energy band
gap of the bulk sihcon (1.12¢V), therefore, ncar
resonance absorption occwrs when this laser used for
photechemical ciching, Moreover, this laser (=1 U6pun)
has o penctration depth in silicon wafer greater than
400, so that thick porous layer has been formed,



Table [2}: Nanocrystallite sizes of PS5 prepared by

E. G. Rasheed

Table {3b): FWHM of PL for different PS samples

different wavelengths and excited by photon H [ Fwin ] FL; | L.
Enckiny ooy Rt i
energy of 2.71eV : e Al e
z Pl o Tl Arpsin-ion L] 20 [Tk
a1k L{' Yol 5| peak | peak | FWis WY AL RIET T3
- o i R EL I B eVl | eV | fmeNy Arts WY A 130 L LA
] 20 My 0.7 0.5 185 11 2an
o i us[H0] 10 Jus] L L2060 i) The laser power density: Figs. Ba-c) shows PL
—Lo B Do SO0l bl 3 - specita from PS5 spmples prepared using a NdYAG
laser for a fixed mradiation i ([T of 20 mmutes with
The PL spectrum of the photosynthesized laver

prodaced by a NdYAQ laser has one diswibution
funcuion (one peak) Fig. {2a), the mean crystallie siee
caleulated by the quantum  conlipement modsl s
(235A) and the FWHM is (G00meV). Similarly, the
penerration depth of the green light of the argonion
laszr (2.41cV), is 0.5um. The depth of the porous laver
m thiz case will be much less compared 10 that of
NAYAG laser whereas, the PL of the samples prepared
by thug laser shows two distnbmion functions Figo (2h)
with FWHM of (320meV) and average mean erystallite
wre s (22A), Narrow FWHM of the PL {22(hne) can
be achieved by ctehing silicon in two step laser ctching
as given m Table (3),
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Fig. (2): Comparison of PL spectra for (a) Nd:YAG
laser efching, (b} argon-ion laser etching and (c)
both Nd:YAG and argon-ion laser subsequent
siching. The observed PL spectra (discrete points)
are fitted by the quantum confinement model

Since the band gap of PS layer fonned by the first
cvele erching with Nd:YAG laser has a smaller valuc
than the photon encrgy of the second eyele, eleciron
hole pairs would be gencrated in the 'S laver [21) with
an argoen-ion laser andl cause Girther etching of the
already  formed  nanoceystallites and  consequently
further reduction ol the size in the top PS5 layer,

Table (3a): The silicon nanocrystallite sizes
estimated by the quantum confinement model

g g L LT} as
Piching fxset iA) {A) (A Al
Arzan-ion 23 Al 4 145
MAYAG 214 wh
AT ENAY AL | ddl2 6 11 03

varving laser power densitics from 520 Wieny'. No PL
specirn could he observed for laser power densnics less
than $Wiem™. For a threshold laser power density elose
o BWAm, the PL and appears with s peak pesilion o
[.84eV. As the laser power densily jonercase lrom
Wient 1o 12Wiem', the PL peak position shills from
LEdeV 1w 207V, As the laser power density s
increased from 12%Wiem' to 20Wienr. the PL peak
positon encray decreases rom 2.02eV 1o 1.9V, These
observations clearly  imdicme that 1o additien W d
mininwen  threshold  luser power densay for Hhe
ahservition of PL rom the elehed samples, there axists
an optimum laser power density for oblaining maxinem
PL yicld from the PS samples,
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Fig. (3} PL of n-lype Si ctched with a Nd:YAG laser
of various power densitics 8, 10, 12, 15 and 20W/em®
ina, b, g, d and e respectively. The experimental
data (discrete points) are fitted with the guantum
confinement model (solid lines)

There 15 o strong comrelation between the etching
time and laser power density required for oblaining
threshold for PS formation and hath taken topether
determine the PL charactensucs amd the  penenned
manoerystallite stec distributions. [t ois found that the
minimum  power density  that required 1o producce
luminescent PS laver for 15 nunutes TT was 200Wrent.
When this value used with 10 yunutes IT oo PL could
be observed. For longer 1T (mwre than 15 munutes), the
mimmum  power  densily  requirad o prndu-.;l:
lumincscent  PS  layer  decreased 10 BW/eny,
Accordingly, the PL peak position  changes,  The
mininwmn PL peak pesition bes been observed moour
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Laser-Centrolled Photoluminescence Characteristics of Silicon Nanoerystallites Produced by Laserlnduced Etching

experiments was 1.8eV and maximum PL peak posiuon
was 2.02¢V as given in Table (4).

Table (4): Best PL fitting parameters of used in
Eq.i1) to estimate the nanocrystallite sizes of the PS5
layers prepared with various laser power densities

8 1
éii‘r Lo o FWHM P Peak
(Wiem®) Al (Al {meV) position [eV)
= 266 Lx3 193 1.2
10 20 0.94 FI] .94
12 234 1.20 300 2.02
15 EEk 1,20 300 198
20 240 (PR 280 (K

The laser intensity profile

The photosynthesized PS5 layer produced by laser
ctching has a circular shape with a diameter either closc
1o or less than the laser beam diameter depending on the
various laser processing parameters like laser power
density, wrmadiation time and the laser wavelength.
Therefore, when we probed the PS center, the PL
intensity of high-cnergy peak (PLy) was larger that the
low-gnergy peak (PLy) which indicates that number of
smaller nanocrystallites at the PS center more than the
larger sizes. As we move away from the center, number
of smaller nanocrystallites decreases (Fig. 4(b, <)),
while number of larger nanocrystallites dominate the PL
cmission when we probe near the edge region, Fig, 4,
The estimated mean erysiallite sizes for different
location were calculated by the guantum conlinement
model and given in Table {5).

Table (5): The fitting parameters of PL emission of
n-type Si prepared with an argon-ion laser and
recorded at different radial positions

Probing P, measurements
pusition -
(arm) Le | kw | PLi | PLr | FwiiM,
A | (A ] eV | ey | FWEHM.
Center 228 | 230 1.93 Ins L0
110K 150 2351 1.92 105 1.40
1 200 53 23.2 1.91 104 .52
Near edye 355 | 333 189 | 203 158

The smaller mean nanocrystallite size at the spol
center was (24.8A) and the larger mean nanocrystallite
size  (23A), while the smaller and larger mean
nanocrystallite size ncar the spot edge were (25.50) and
{23.3A) respectively. The spatial  distribution of
nanocrystallite sizes in PS layer could be related © the
Gaussipn distribution of laser intensity profile. Sine the
intensity al beam entrance 15 very high, it is expecied
that nuwmber of photogenerated e-h pair is very large
compared with those at beam wing, where intensity 15
exponentially deercases. This leads to further ctching at
entrance and consequently smaller nanocrystallite sizes.

Fig. 5 shows the relative PL intensity of the larger
nanoerystallite to the smaller nanperystallites as 141 as
a lungtion of the radial distance from the 'S enter, The
relative intensity ratio indicates that the number of
sinaller nanocrystallite s more at the PS center while
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larger nanocrystallites dominales the spol edpe. Also,
we found that the PL FWHM ratio of the two peaks is in
consistence with the PL imensity ratio and minimum
FWHM ratio was obtained ;1 the PS center while no
considerable  variation  in the mtio  for  the
nanocrysiallites near the edge has been observed,
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Fig. (4): PL emission of the photosynthesized layers
prepared by an argon-ion laser (2.41eV) and
recorded at different radial positions a) at the
entrance, b) #100pm, +200pm, ¢) +300pm and d) near
the edge. Each PL peak was fitted with the guantum
confinement model and the overall PL spectra were
fitted with convolutions of individual peaks
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Fig. (5): The ratio of PL intensity 1./l; at different
radial positions and the laser intensity profile, which
represented by the Gaussian distribution

4. Conclusions

Photoluminescence peak position and FWHM of the
photochemically synthesized porous silicon laver by
laser-induced ciching process affected significamly by
the [laser wavelongth. Nanocrystallite sizes of the
photosynthesized layer can be controlled by selecting
suitable laser wavelength and two-stage laser ctching
process could be used o produce  luminescent
nanocrystallite with narrow size  distribution, when



photons 2nerey is higher than the end sap energy of the
porous layer. We found that there is an optuymum laser
power density 10 achieve smaller nanoerystallie sizes.
The threshold irmadiation time for this process was 1en
munutes, Our results demonsirace a novel way o control
the crystallite sizes and the peak pasition of the PL
spectra. Smaller sizes are abundant at the porous |aver
center while larger nanocrysiallite  predominantly
disznbuted near the edge.
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Effect of Oxygen Quencher on Absorption and Fluorescence
Spectra of Rhodamine-6G and Rhodamine-B Dyes
in Ethanol Solvent

In this work, absorption and fluorescence spectra of R6G and RB laser dves were studicd, Different
coneentrations of {1-4)x10" mole/liter were used to solve these dves in an organic solvent such as ethanol,
Absorption spectrum of n—7* transition was determined as well as fluorescenee spectrum in presence and
absence of 0. It was observed that presence of Oy did not affect absorption spectra of both dyes beeause it
has no ahsorption in the range studied. On the other side, intensity of fluorescence increased as (- was
removed from solvent in both cases of ethanol. Presence of (0 affects fluorescence quantum efficiency &g)
and lifetime (7)) due to collision with dyve molecules. Finally, it was declared that the cffect of () decreases as
the concentration does, This may be attributed to the decrease in collision probability between €3 and dye

malecules.
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Design, Construction and Operation of a Multi-Stage
Large-Bore CW CO, Laser

In this work, a CW CO; laser system of five discharge stages was designed, constructed and
operated with longitudinal electrical discharge and axial gas flow. The laser system was
characterized by measuring output laser power as function of output coupler reflectivity.
discharge tube length and cooling water temperature. The maximum output power obtained
was 135W Tor the TEM,; mode.
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EFFECT OF ACTIVE MEDIUM TEMPERATURE ON THE
OUTPUT CHARACTERISTICS OF PULSED
FREE-RUNNING DYE LASER

In this work, the effect of active medium temperature on output characteristies of a pulsed
dye laser was studied. Two dyes, R6G and RB, were used as laser active medium. Under free-
running operation, 35mJ maximum output energy and 100us pulse duration were obtained
with presence of oxygen as a quencher. Results presented in this work showed that output
characteristics such as laser pulse energy, emission linewidth, beam divergence and overall
efficiency are reasonably affected by temperature. Optimum values of such features require
system to operate at temperature of 10°C, which represents the optimum operating
temperature. These results may benefit to determine the optimum operating temperature of a
pulscd dye laser due to system design considerations.,
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Structural Characteristics Study of Indium Diffusion in Silicon
Using a Pulsed Nd:YAG Laser

In the current study, a pulsed Nd:YAG laser was cmployed to indoce indium diffusion in silicon by laser
irrudiation of a thin indium film deposited on silicon. The work was aimed to study the structural
characteristics changes of the irradiated region resulting from varving laser pulse encrgy within the range
(0.25-0.33)1 and varying silicon temperature from 300K to 373K during laser irvadiation. Optical and
scanning clectron microscopes were used for the surface topography study of the samples. The study showed
formation of linear cracks, protrusions and craters depending on the laser energy used. The indium dilfusion
depth within the silicon was determined using an cnergy dispersive spectra (ED%). This was done when
illuminating at the lser melting threshold st substrate temperature of 373K and when illuminating at higher
laser energy and substrate at room temperature (300K). the diffusion depth inereased and the impurity
concentration at the surface deereased as laser energy got higher. Higher substrate temperature helped
inereasing the impurity concentration at the surface.
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