HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 12 15 JUNE 2004

Three-layer photocarrier radiometry model of ion-implanted silicon wafers
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Athree-dimensional three-layer model is presented for the quantitative understanding of the infrared
photocarrier radiometry(PCR response of ion-implanted semiconductors, specifically Si. In
addition to the implanted layer and intact substrate normally assumed in all existing two-layer
theoretical models to describe the photothermal response of ion-implanted semiconductors, a
surface layer is considered in this three-layer model to represent a thin, less severally damaged
region close to the surface. The effects on the PCR signal of several structural, transport, and optical
properties of ion-implanted silicon wafers affected significantly by the ion implantation process
(minority carrier lifetime, diffusion coefficient, optical absorption coefficient, thickness of the
implanted layer, and front surface recombination velgcitse discussed. The dependence of the
PCR signal on the ion implantation dose is theoretically calculated and compared to experimental
results. Good agreement between experimental data and theoretical calculations is obtained. Both
theoretical and experimental results show the PCR dependence on dose can be separated into four
regions with the transition across each region defined by the implantation-induced electrical and
optical degrees of damage, respectively, as the electrical and optical damage occurs at different dose
ranges. It is also shown that the PCR amplitude decreases monotonically with increasing
implantation dose. This monotonic dependence provides the potential of the PCR technique for
industrial applications in semiconductor metrology. 2004 American Institute of Physics.
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I. INTRODUCTION tors such as time, resolution, sensitivity, required processing,
and the destructive or nondestructive nature of the process
lon implantation is a key technological process for sur-have varying degrees of importance. Monitoring industrial
face modification of semiconductor materials during micro-implantation processes does not require detailed depth pro-
electronic manufacturing. Control of the accuracy and unifiles of the implants since uniformity over the wafer and
formity of the ion implantation dose is critical to normal reproducibility are the two factors that most directly affect
device performance and wafer yield. To fulfill such a high-device yield and reliability. The four-point probe sheet resis-
accuracy control, highly sensitive and reliable metrologicaltance techniqL?eis commonly used in industrial monitoring
methods are required. lon beam techniques such as secorsf-dose and uniformity. The main drawbacks of this tech-
ary ion mass spectrometr{SIMS) and Rutherford back- nique are the limited resolution due to size of the probes, the
scattering(RBS) are capable of generating depth profiles ofdamage resulting from contact with the sample, and the long
dopants before or after electrical activatiobensity profiles  delay between the process and measurement due to the re-
of electrically activated dopants can also be generated usinguired annealing process to activate the ions. Optical ap-
spreading resistance profilingSRP.?> However, each of proaches including optical densitométrgnd photothermal
these techniques has drawbacks that limit their application teechnique3™! offer an alternative that addresses these limi-
industrial process monitoring. RBS is limited to detectingtations of the four point probe technique by using beam sizes
ions that are massive relative to the substrate atoms. SIMS @n the order of microns to monitor the degree of damage to
by nature a destructive technique and SRP is a destructiv@ substrate immediately following the implantation process
technigue requiring complex sample preparation. For indusin a completely noncontact, nondestructive manner.
trial dose and uniformity monitoring a complete and detailed  In the past decades, photothermal methods, mainly pho-
reconstruction of the implant layer in not required and fac-tomodulated thermoreflectan¢EMR)°~8 and photothermal
radiometry(PTR),°"** have been proven to be powerful tools
9Also affiliated with Photo-Thermal Diagnostics, Inc., 232 College St., Tor- 107 d0S€ monitoring and uniformity mapping. Most recently,
onto, ON, M5T 1R5, Canada. photocarrier radiometrfPCR*>*3was introduced and found
Y Also affiliated with Photo-Thermal Diagnostics, Inc., 232 College St., Tor-to be a sensitive method for characterization, depth profiling,

onto, ON, M5T 1R5, Canada. . . . d .
e y . R uctor materials. It
90n leave from Departmento de ‘sita, Universidade Federal do and subsurface defect Imaging of semicon

Maranfi®; Av. dos Portugueses, s/n, 65085-580 Saiis, MA, Brazi; ~ Nas _aIS.O recently been used for ion implan.tation dose
electronic mail: jbatista@ufma.br monitoring* In contrast to PMR and PTR, PCR is a purely
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carrier-wave laser-based detection methodology, which is Laser beam

most sensitive to the electrical transport parameters of semi- ' Surface layer (1)

conductor materials. It has been shown that the PCR signal P

amplitude has a monotonic dependence on the implantation R IERITRINRER
dose over a wide range of species, implantation dose, and Implanted layer (L)
energy** This is a very important advantage over PMR and
PTR for industrial applications as the dose could be deter- Substrate layer (L3)
mined through a simple calibration procedure.

Even though the monotonic dependence of the PCR sig-
nal on implantation dose greatly simplifies the dose monitor-
ing, the quantitative understanding of this monotonic depenFIG. 1. Schematic diagram of the proposed three-layer structure of an ion-
dence is a difficult task due to the complicated physicafMplanted silicon wafer.
nature of the optoelectronic response from ion-implanted
semiconductors: therefore a complete theoretical description]c the PCR signal on the ion implantation dose is theoreti-

does not exist. There have been several theoretical mode %lly calculated and compared to experimental results. These

for the photothermal response of ion-implanted semiconduc- : .
tors, developed for both PMR and PTR in the past two de__results provide a basis for the development of PCR as an

15 e . industrially competitive alternative to existing diagnostic
cades. Wurmet _aI. _developed a one dlmen5|on:g1D) techniques for semiconductor ion implantation process con-
model for PMR, in which only the free-carrier-wave compo-

nent was taken into account. Christofigesl1® developed a trol
1-D PMR model considering both plasma- and thermal-
effects, while Liuet all” developed a complete 3D model in l. THEORETICAL MODEL
which the finite size of the excitation beam was taken into  The proposed structure of an ion-implanted semiconduc-
account. All three of these PMR models are two-layer mod+tor wafer is schematically presented in Fig. 1. A three-layer
els that treat the ion-implanted region in the semiconductoktructure is assumed: a surface layer, an ion-implanted layer,
as a single layer with uniform properti€ghe second layer is and a substrate layer. The surface layer represents a region
the remaining intact substrateéOn the other hand, recently traversed by the implanted ions. The ions do not reside
Salnick and Ops&t'® developed a multilayer model to cal- within this region. The thickness of this upper layer depends
culate quantitatively the photothermal response of a spatiallpn the implantation species and energy and is usually in the
inhomogeneous ion-implanted semiconductor. For PTRyange of 0-100 nm when the energy is not too high. The
Nestoroset al?® developed a 1D two-layer model, while second region lies within 10-500 nm below the surface of
Salnick and Mandelf$ and Salnicket al?? reported theoret- the wafer and represents the implanted layer where damage
ical and experimental depth profiling of ion-implanted wa-is maximum. The thickness of this implanted layer depends
fers treated as an electrically inhomogeneous medium. on both the implantation energy and the implantation dose.
A common disadvantage of all two-layer models is thatFor a given species, the thickness is mainly controlled by the
the structure of the ion-implanted layer is over-simplified; inimplantation energy. For a given energy the thickness in-
fact the implanted layer has nonuniform properties. Thecreases with increasing implantation dose. The third region is
multilayer models much better represent the real structure ahe remaining wafer and features transport and optical prop-
the implanted layer. The disadvantages of the multilayeerties similar to the intact bulk wafer. The thicknesses of the
models are that theoretically they are complicated, and conthree layers are denoted kg, L,, andLs, respectively.
putationally the values of many parameters involved in the  Since the actual damage profile in the substrate material
models are actually not known. This gives rise to concernss a continuously inhomogeneous region of compromised in-
about the uniqueness issue which is yet to be addressed.tégrity above a crystalline substrate rather than regions with
compromise between the simplicity of the two-layer modelsdistinct boundaries, the optical and electrical properties, as
and the complexity of the multilayer models is the develop-well as the thickness, of the second layer in the assumed
ment of a three-layer model. For ion-implanted semiconducmodel represent weighted averages over the region affected
tors, a three-layer structure, while avoiding the complicatiorby implantation. When the thickness of the damaged layer is
of the multilayer model, better represents the real situatiosmall relative to the ac carrier diffusion length in the material
than the simple two-layer model, because the ions do nahe actual inhomogeneous layer can be expected to have ef-
reside within a thin layer very close to the surface during ionfects on the carrier density wave, and consequently the PCR
implantation. The upper layer is the region traversed by theignal, similar to that of a discrete homogeneous damaged
implanted ions, with somewhat compromised properties duéayer with transport properties that are a weighted average of
to the impact damage. However, the electrical, thermal, anthe actual property profile and the assumed layer thickitess.
optical properties of this surface layer are significantly lessSimilarly, when the thickness of the damaged region is small
affected by the ion implantation process than the implantedelative to the optical absorption depth of the excitation
layer, where the maximum damage occurs. source the influence of the actual damage profile on the op-
The purpose of this investigation is to present a threetical intensity as a function of the depth can be expected to
layer model for a quantitative understanding of the PCR rebe similar to that of a homogeneous layer with optical prop-
sponse from ion-implanted semiconductors. The dependeneeties determined by some average of the actual optical prop-
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erty profile and the assumed layer thickness. As the charac-2 1+tioT,

teristic length of the optical or electronic field in the material on= (n=1,23), (10
becomes commensurate with the depth of the actual damage nn

profile the treatment of the damaged region as a discrete a1 (1-R))P7y r2

layer becomes less appropriate and the model less reliableG1(r,z,w) = ——z———@xp — 5~ alz); (12)

The PCR detection geometry is the same as that for PTR
of semiconductor$®~? The excitation beam is assumed to ay(1—Ry)(1—Ry)P7

be Gaussian with a (&)-radius equal toa. The beam is Ga(r,z,0)= g

modulated with an angular frequeney(w=2=f) and fo-

cused onto the ion-implanted side of a laterally semi-infinite r2

semiconductor wafer. In PCR measurements, the thermal in- xexp( 2z abia(z- Ll)); (12)
frared (Planck-mediatedemissions are filtered out and only

infrared (IR) emissions from the free-carrier wave compo- a3(1-R)(1-Ry)(1-R3)P7y

nent are detected by an appropriate IR detector and spectralﬁ‘:ﬁ(r Z,0)= 7alhy

matched filter combinatiof?. In what follows we consider

the specific case of p-type Si wafer, although it is obvious wexd — f_ Lol

that the theoretical treatment is quite generally applicable to a2 -1 %22

Si and other semiconductor materials.

The optically injected carrier densities in the three layers —ag(z—Ly—Ly) . (13
are calculated from the following carrier transport equations:
X 5 G(r,z,m) HereD, and 7, (n=1, 2, 3 are the minority(electron car-
VN4 (r,z,0) = o]Ny(r,Z,0) = — —D0. (1) rier diffusion coefficient and lifetime of the surface layer,
' implanted layer, and substrate layer, respectively, a,,
) 5 Gy(r,z,w) and a5 are their absorption coefficients, respectivalyand
VN2(r,z,0) = 0aN,(r,z,0) = — “ D, (2) s, are the front and rear surface recombination velocities of
the wafer, and, ands; are the effective interface recombi-
5 P _ Gy(r,z,0) nation velocities at the first and second interfaces, respec-
VN3(r.z,0) —o3Ns(r.z,0) = D, 3 tively. R, is the reflectivity of the front surface ari, and

. . N R; are the effective reflectivities at the two interfaces, re-

(z=0): the incident laser beamy is the quantum yield, which is the
dNy(r,z=0,0) optical-to-electrical energy conversion efficiency.
1# =5;N;(r,z=0,0) (4) The solutions to the transport Eq4)—(3) together with

the boundary condition$4)—(9) can be easily obtained by

at the interface between the first and second layersl(;))  using the(Hanke) integral transform method and are ex-
pressed as follows:

Nl(l’,Z=Ll,w)=N2(I’,Z=L1,a)), (5)
dNy(r,z=Ly,0) _ dNy(r,z=L;,0) Nl(r,z,w)=f0 8d6Jo(r)[Ar exp(— B12)
! dz _DZ dz
—$,Ny(r,2=L1,0), () +BrexpBiz) tEiexp—a12)], (14

at the interface between the second and substrate lagers ( Nz(f,Z.w):fwmaJO( 51){ Ay 64T — Ba( 2~ L1)]
:L1+ L2) 0

No(r,z=L;+Ly,w)=Ng(r,z=L;+L,,), 7 +Boexd B2(z—L1)]
sz(r,Z=L1+L2,w) dN3(I‘,Z=L1+L2,w) +E2€XF[_C¥2(Z—L1)]}, (15)
D> dz =D dz

—33N3(r,z:Ll+ Lzyw), N3(r,Z,Q)): fo 5d5Jo( 5r){A3 eXF[_B3(Z_L1_ Lz)]

® +B3 exd B3(z— L1~ Lo)]
and at the rear surfaceg€L,+L,+Lj3) +Esex — as(z—L;—Ly)]} (16)

3le(r,z= Litlotlso) The various symbols are defined in the Appendix.
dz The PCR signal is obtained by integrating the carrier
density over the thickness of the whole wafer, which takes
=—54Ng(r,z=L;+L,y+ L3, m). 9 ) : -
SaNs(r.2=L1+Lo%Ls,0) © into account deep-lying bulk radiation emission from photo-
Where generated and diffused carriéfsThat is
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TABLE I. Transport and optical properties of crystalline and amorphous silicon.

Parameter Unit Crystalline Si Amorphous Si
Carrier lifetimé us 10 0.001
Carrier diffusion coefficient cRis 20 0.1°
Absorption coefficient at 830 nin m! 6.6x 10* 2.0x10°
“Reference 18.
PAmbipolar diffusion coefficient.
‘Reference 31.
‘Reference 32.
Ly these parameters are strongly affected by the lattice damage
SPCR(raw):Cl[ fo Ni(r,z,w)dz caused by ion implantation. For simplicity, the transpett
D) and optical(a) properties of the surface layer and sub-
Litls strate are assumed to be dose-independent.
* L Na(r,z,w)dz To calculate the dependence of the PCR signal on im-
plantation dose, the relationships between parametgrs
Litlotls D,, a,, L,, ands; and implantation dose have to be
+f|_l+,_2 N3(r.z,w)dz]. 17 established first. For,, D,, a,, these relationships are
, based on their correlation to damage introduced to the lattice
The result is by ion implantation. With increasing implantation dose, in-
©_ creasing crystalline damage results in a decreass, @nd
SPCR(raw)chfo F(3,w)8d8Jo(dr), (18 D, as well as an increase of,. The quantitative relation-

with C, being a proportionality constant, and

- 1— —B,L
F(a.w>=wml+slexnﬁlm]
E 1—exp —Bl,)
+a—i[1—exq—a1L1)]+T22

E
X[Ag+B,exp(Bal )]+ a—z[l—exp(—aszn

L 1exa—Bslsy)

B [As+BsexpBsls)]
3

Es
as

ships between,, D, a,, andd are established by using the
effective medium approximatioff;?® similar to that used in
Ref. 18. The damage raf@ is assumed to follow a simple
saturation la¥®

D=1—exp(—d/dy), (21)

whered, is an experimental dose determined by implanta-
tion parameters such as species and en&gy0 means the
implanted region is in perfect crystalline phase while- 1
represents a total damage and a change of the crystalline
lattice to an amorphous phager optical properties Usu-

ally for electrical transport parameters ttig value is lower
than that for the optical propertié$2°which means that the
electrical damage occurs well before the optical damage. In
the calculations, we assume odg value forr, andD, and
another different value fot,. The values ofr,, D,, a5 are

The collection efficiency of the IR detector can be taken intothose of crystalline silicon whe =0 and are those of
account by integrating the resulting expression over the efamorphous silicon whei=1. The transport and optical
fective aperturdor the arepof the detector, assuming a cir- properties of crystalline and amorphous silicon are listed in

cular shape with a radius 0§

SPCR(w)=27TJOWSPCR(r,w)rdr

=C2j0wl~:(5,w)Jl( sw)dé. (20)

Table I.

The thickness of the implanted layer increases with in-
creasing implantation dose since the damaged region widens
with increasing dos&2~3*The dose-dependent thickness can
be approximately expressed®as

|2=|20+A|2><Ioglo(d/d|ow). (22)

Here C, is another proportionality factor which is indepen- Here, |, is the thickness of the implanted layer at the low
dent of the transport properties of the wafer and the moduedose end d,,,). Al, is the increase in thickness over one
lation frequency. Equatiori20) represents the PCR signal order of magnitude increase in dose. Bbjh and Al, are

detected by the IR detector.

Next, we will discuss the dependence of the PCR ampli-

tude on ion implantation doseal) by calculating the influ-
ence of the minority carrier lifetimer), diffusion coeffi-
cient (D,), optical absorption coefficient af), and

functions of implantation species and energy.

There have been report&~38that the front surface re-
combination velocity changes with implantation dose. How-
ever, no reliable quantitative information could be found in
the literature. Our measuremenitson ion-implanted silicon

thickness [,) of the implanted layer, as well as the front wafers indicate that the front surface recombination velocity
surface recombination velocitys{) on the PCR signal, as increases rapidly with increasing dose at the low dose end
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FIG. 2. PCR amplitude as a function of the carrier lifetime of the implanted Absorption Coefficient of Implanted Layer (cm™)

layer. The modulation frequency is assumed to be 1 kHz. Inset shows hoVf\—lIG. 3. PCR amplitude as a function of the absorption coefficient of the

the carrier diffusion coefficient varies with lifetime, assuming both are de—im lanted laver at various electrical damade rates. The modulation fre-
termined by the transport properties of crystalline and amorphous silicon uznc is 1 li/Hz 9 '
and the damage rate, following the effective medium approximation. Thel Y '

corresponding doses are indicated in the inset by arrayss the dose
factor for the electrical damage.

and diffusion coefficient of the implanted layer have negli-

and saturates gradually from intermediate to high dosesgible effect on the PCR amplifude. As the implantation-

Based on this observation, the front surface recombinatioHF'dl:c:f_e_OI dtagnage mcreas_edsl, trf cg]rnelrfh:etlmeband d'ﬁuflon
velocity is empirically assumed to follow: coefficient decrease rapidly. As the lifetime becomes less

than approximately 0.2s, the PCR amplitude starts to de-
S1=S10(d/djow)”, (23)  crease rapidly with decreasing carrier lifetime until satura-

wheres,, is the recombination velocity at the low dose rangetionlike behavior emerges at the low lifetintieigh damagk
represented byl,,,,. x is an empirical exponent between 0 end. This saturation behavior is caused by the partial com-

and 1. Other parameter values assumed in the calculatiom§nsation due to the simultaneous decrease of the carrier
include: r,=1 us, Dy=2cn?/s, a;=6.6x10 m™%, L, diffusion coefficient. While the PCR amplitudéecreases

—10nm; and 7,=10us, Ds=20cnf/s, a;=6.6 with decreasing carrier lifetime alone, ificreaseswith de-

X10* m~1, Ly=670um; s,=1Xx 10 cmi/s. In addition, re- creasing diffusion coefficient, if the lifetime is kept un-
combination at the two interfaces is neglecte 40 ,s3 changed since fewer carriers are leaving the field of view of
=0) because in reality there are no sharp boundaries to cofine detector. As the optical absorption coefficient increases,

tribute to enhanced recombination there. For the experimer}’® magnitude of decline of the PCR amplitude increases

tal parameters, the radius of the pump laser beam was mefBecause a proportionally greater number of free carriers are
sured by a pinhole scan and was found to beu5. The generated within the vicinity of the damaged region, thus

effective size of the detector was determined to beufs Iow.ering.the effective lifetime and hence the PCR amplitude.
While « increases, the number of free photoexcited carriers

in the bulk decreases, a fact that further accelerates the de-
crease of the PCR amplitude. The reduced carrier lifetime
dominates the effect of the decreased diffusion coefficient
To investigate the dependence of the PCR signal on imwhen the absorption coefficient is high, resulting in a less
plantation dose, the influence of each individual parametesaturated behavior at the high damage end.
(15, Dy, a5, Ly, ands;) affected by ion implantation is lon implantation also has an influence on the optical ab-
calculated first. Figure 2 shows the dependence of the PCBorption coefficient of the implanted layer. When there is no
amplitude on the carrier lifetime of the implanted layer. Thelattice damage, the optical property of a silicon wafer is con-
PCR phase is not used in the simulations because it is insetrolled by the crystalline phase. As implantation damage in-
sitive to the changes of the electrical and optical properties ofreases in the implanted layer, the absorption coefficient in-
the implanted layer in the low frequency range used in thereases accordingly. The absorption coefficient saturates to
experiments € 100 kHz) }* The carrier diffusion coefficient that of amorphous silicon when the crystalline lattice of the
of the implanted layer was assumed to change along with thenplanted layer changes to a totally amorphous phase at the
lifetime based on the damage rddeand the effective me- high dose end. The absorption coefficient of amorphous sili-
dium approximation, as shown in the inset. The thickness oton at the pump laser wavelend880 nm) is more than one
the layer was assumed to be @8, the front surface recom- order of magnitud€éapproximately 30 timeshigher than that
bination velocity was assumed to be 1000 cm/s, and thef the crystalline siliconSee Table)lL Figure 3 presents the
modulation frequency was assumed to be 1 kHz. When thdependence of the PCR amplitude on the absorption coeffi-
dose is lower than or very close to the dose facty) (for  cient at various electrical damage levels. The thickness of the
the electrical damage the ion-implantation induced damage isnplanted layer was assumed to be @8, the front surface
low (inset in Fig. 2, the somewhat reduced carrier lifetime recombination velocity was assumed to be 1000 cm/s, and

Ill. SIMULATIONS, EXPERIMENTAL RESULTS, AND
DISCUSSION

Downloaded 18 Jul 2008 to 128.100.49.17. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 12, 15 June 2004 Li et al. 7837

160 T T 120 i U T 1 1 1 1
I a, (em™): 1, (u8): D, (cm?s)
_____ 660:10:20
_ ----660:0.1:1.2
S a0l l = 660 : 0.001: 0.1
s OF =J I N S 5000: 0.001 : 0.1
s = —--=--20000 : 0.001 : 0.1
2 o
3 ]
£ . £
<3 a, €m™) 11, (us) : D, (em’fs)| - E 40 7
5 660:10:20 . E I
x ----660:0.1:1.2 é
a | | 660 :0.001:0.1 ' O
4 |--- 5000: 0.001 : 0.1 E a
[ |- 20000:0.001:0.1
2 a1 2 L 2 2 1 1 P |
0.1 1 16 1 il il 1 1 1 1
Thickness of Implanted Layer (um) 10" 10° 10° 10* 10° 10° 107

) ] ) ) Front Surface Recombination Velocity (cm/s)
FIG. 4. PCR amplitude as a function of the thickness of the implanted layer

at various electrical and optical damage rates. The modulation frequency i8|G. 5. pCR amplitude as a function of the front surface recombination
1 kHz. velocity at various electrical and optical damage rates. The modulation fre-
quency is 1 kHz.

the modulation frequency was assumed to be 1 kHz. The
effect of the absorption coefficient on the PCR amplitudeor when damage is low. With no electrical damage, the PCR
depends largely on the electrical damage level which in turrmamplitude is in-sensitive to the surface recombination veloc-
determines the carrier lifetime and diffusion coefficient ofity at the low end because the overall effect of a low surface
the implanted layer. The influence of an increasing absorprecombination to the PCR signal is still negligible. As the
tion coefficient on the PCR amplitude is significant only front surface recombination velocity further increases, the
when strong electrical damage is present. In fact, this is alPCR amplitude decreases rapidly in the 100810° cm/s
ways the case as ion-implantation-induced electrical damageelocity range, then becomes saturated at the high recombi-
occurs well before the optical damage appears. In this caseation velocity end. As the electrical damage increases, the
the PCR amplitude decreases with an increasing absorpticeffect of the surface recombination on the PCR signal be-
coefficient. In conclusion, the higher the electrical damagecomes less significant. This is because the electrical damage
level, the more rapidly the PCR amplitude decreases withieduces both the carrier lifetime and diffusion coefficient of
increasing absorption coefficient. the implanted layer, resulting in a shorter diffusion length

The thickness of the implanted layer increases with thethe dc diffusion length of the implanted layer is defined as
increasing implantation dose as the crystalline damage wide,4.=+VD,7,) Iin the implanted layer. The implanted layer
ens into the substrate. This increase in the thickness may alsberefore acts as an electrical barrier which blocks carrier
cause the PCR amplitude to drop, depending on the electricdiffusion from the substrate region to the surface region
and optical damage levels of the implanted layer. Figure 4vhere surface recombination takes place. With maximum
presents the dependence of the PCR amplitude on the thicklectrical damage, the dc diffusion lengthl um) is shorter
ness of the implanted layer at different electrical and opticathan the thickness of the implanted layer. The implanted
damage levels. The front surface recombination velocity wasayer becomes electrically thick and the PCR signal becomes
assumed to be 1000 cm/s and the modulation frequency wasdependent of the surface recombination velocity, regardless
assumed to be 1 kHz. With only electrical damage but naf the absorption coefficient.
optical damage, the PCR amplitude decreases only slightly Taking into account the effects of ion implantation on all
with increasing thickness since only those carriers generateddividual parameters discussed above, Fig. 6 shows the
in the substrate region very close to the damaged region ca@CR amplitude as a function of ion implantation dose, with
diffuse from the substrate to the damaged region and beand without changing the thickness of the implanted layer
trapped there. However, when the optical damage also a@nd front surface recombination velocity as functions of
pears, the decline of PCR amplitude due to the increasingose. In the calculations, the modulation frequency was as-
thickness of the damaged layer accelerates with an increasirsgmed to be 1 kHz. The experimental dose factiréor the
absorption coefficient as the implanted layer becomes lessansport and optical properties were assumed to be 1
optically transparent and attenuates more of the incident lax 10'* and 1x 10" cm™2, respectively.l,, Aly, Sig, X,
ser power, resulting in a reduced photogenerated carrier deandd,,, were assumed to be 02m, 0.06 um, 1000 cm/s,
sity in the bulk region. 0.75, and X 10'° cm™?, respectively. At high doses; was

The dependence of the PCR amplitude on the front surassumed to be saturated at 10° cm/s. Inspection of Fig. 6
face recombination velocity at various electrical and opticalindicates that the PCR signal dependence on the implantation
damage levels is presented in Fig. 5. The thickness of thdose can be broken into four regions with the transition
implanted layer was assumed to be @& and the modula- across each region defined by the electrigeinsport and
tion frequency was assumed to be 1 kHz. The simulationgptical damage dose factdg. In region | the PCR ampli-
show that the front surface recombination velocity affects theude decreases rapidly with dose due to a combined effect of
PCR amplitude only when there is no electrical damage levehcreasing surface recombination and decreasing carrier life-
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FIG. 6. Theoretical PCR amplitude as a function of implantation dose. The=|g, 7. Experimental dependence of PCR amplitude on the implantation
modulation frequency is 1 kHz. Solid line: both the thickness of the im- goge with theoretical fits. The modulation frequency was 100 Hz. The sili-
planted layer and the front surface recombination velocity were assumed 9y, wafers were AS implanted at 150 keV energy. The carrier lifetime of
be a function of dose; dashed line: the front surface recombination VeIOCi%morphous silicon was assumed to be 2(sslid line) and 1 ns(dashed
was assumed to be 1000 cm/s, independent of dose; dotted line: the thichﬁe), respectively.

ness of the implanted layer and the front surface recombination velocity

were both assumed to be independent of dose.

detector was estimated to be p¥n. The spectral response

time and diffusion coefficient in the implanted layer. In the range of the detector optics was 0.8—1u8. The spectrally
second region the electrical damage is totally saturated angatched filter further served to block any leakage of the
optical damage is not yet present. In this region the PCRexcitation source. The samples used in the experiments were
amplitude decreases only slightly due to the increasing siz€00) orientedp-type silicon wafers, 10-20: cm, implanted
of the electrically damaged region with dose. If the thicknesswith "°As™ at an energy of 150 keV. The thicknesses of these
of the implanted layer was assumed to be independent afiafers were 67520 um. The wafers were implanted at
dose, the PCR amplitude would be totally independent ofoom temperature at an angle of 7° to suppress channeling
implantation dose in this regiaisee dotted line in Fig.)6In  with doses from X 10'° to 1x 10'® cm 2.
the third region the optical damage begins to appear with an  The experimental results are presented in Fig. 7 together
increasing dose, the PCR amplitude decreases and eventuall§th two theoretical fits, with the carrier lifetimer{) of
becomes much less sensitive to increasing dose when tt@morphous silicon assumed to be 1 and 2 ns, respectively.
optical damage is totally saturated since then only the inWhen 7, is assumed to be 2 ns, a good fit between theoret-
creasing thickness contributes to the decline of the PCR amieal calculation and experimental data is obtained when the
plitude. In region 1V, the sensitivity of the PCR signal to dose factors for electrical damagey() and optical damage
dose is again low as both the electrical and optical types ofdy,) are assumed to be 20" and 710" cm 2, re-
damage in this region are saturated. The slight decrease spectively, and the thickness of the implanted layer is as-
PCR amplitude with dose is the result of a widening dam-sumed to béd,=0.28+0.06 logy(d/1x 10'% um. Whenr,
aged region, as is the case in region Il. Nevertheless, the doseas taken as 1 ns, a good fit was obtained when the other
sensitivity in region IV is higher than that in region Il as both parameters were taken ady=2X10"cm 2, dy,=8
electrical and optical types of damage are present in regiox 103 cm 2, and |,=0.2+0.056 logo(d/1x 10'% xm. In
IV. From Fig. 6, it is also clear that the increasing surfaceboth cases the diffusion coefficient of amorphous silicon was
recombination velocity with dose affects the PCR signal onlyfixed to be 0.1 cfis, the reported literature vald®and the
in region I. If the surface recombination velocity were as-front surface recombination velocity was assumed to follow
sumed to be constant, the electrical damage would have =1000x (d/1x 109%™ cm/s. In general, the agreement
caused a sharp decline of PCR amplitude in a very narrowwetween the experimental data and theoretical fits is quite
dose range. good, taking into account the fact that many of the parameter

Experiments with several industrial Si wafers were per-values are not readily available in the literature. The fitted
formed to verify the theoretical predictions presented abovedose factor for the optical damage is close to that reported by
The experimental setup has been described in detaortot and Ged® The good agreement between the experi-
elsewheré?**A tunable Ti: sapphire laser pumped by a 10 mental and theoretical data in the intermediate to high dose
W 532 nm laser was used as the excitation source. The laseggion indicates that the optical damage model appropriately
was operated at 830 nm wavelength and the power of thdescribes the PCR signal behavior in this dose range, as the
beam was 22.8 mW. The laser beam was focused onto thaptical properties of implanted silicon wafers have been
sample surface and the radius of the beam at the surface wasdely measuretf*°“°and the dependence of the absorption
measured to be approximately 2Bn. The infrared emission coefficient on implantation dose is well established. On the
from the sample was collected and focused through a pair afther hand, the discrepancy in the intermediate dose region
reflective objectives onto an InGaAs detector, preamplifiermay be due to an over-simplification of the relationship be-
and optical cut-on filter assembly. The effective radius of theween the electrical damage and the implantation dose as-
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sumed in Eq.(21). Even though reported experimental a3(1—R;)(1-Ry)(1—Rgy) »P

observation® confirmed that the electricétransport prop-  Es= 27hvD

erties of implanted wafers are more sensitive to the lattice 3

damage caused by ion implantation than the optical proper- exp( — 6%a%/4— a L — a,l,)

ties, no data are currently available to establish a convincing  ° ’35_ ag ' (Ad)

guantitative dependence of the electrical damage on implan-

tation dose. Our experimental results indicate the depen- 1
dence of the electrical damage rate on dose may be less shéol’bZH B
than that assumed by the saturation law.

Both experimental data and theoretical predictions indi-
cate that the PCR amplitude is a monotonic function of the
implantation dose over the entire dose range of technical 5
interest. This monotonic behavior is an advantage over pho- 9173 Es], (A5)
tothermal techniques, such as PMR, which exhibit nonmono- 1+7
tonic dependenc¥° It is of considerable technical impor-
tance for the development of techniques and instrumentatioB, =——
to monitor ion-implantation dose. In addition, the high sen- a;H
sitivity of PCR amplitude to dose at both low and high dose X exp(— a1l 1) ]E1+[P2g1(1+ v2) + (g17,—ho) 1E,
ends makes it a highly attractive candidate for dose monitor-
ing in industrial environments as these dose ranges are of n 20173 ]
increasing technical importance with, e.g., complementary 1+y, 3|
metal-oxide semiconductor technologies, ultra-shallow im-

plants, and epitaxial thin layers, to name a few. H= a_l(a2+ 0,090)6X B1L 1) — (1— Pygy)exp( — Byl y):

b
a_i(az‘*' P291)exp(B1Ll1) — (b, —p2g;)

Xexpl—agly) [Ex+[p291(1+ v2) +(d1v2—hy) JE;

—[by(1—p2g1)exp(—B1L1) — (b= p2g1)

(AB)

(A7)
IV. CONCLUSIONS 1
A three-dimensional three-layer model has been devel'—b‘zz2_91[(1+(“:’1)'A‘1 P~ A1l 1)+ (91~ 22)By
oped to quantitatively describe the PCR response of ion- B
implanted semiconductors. The dependence of the PCR sig- Xexp(Bil 1)+ (91t bo) By exp(—anly)
nal on the ion-implantation dose has been theoretically  —(g,+h,)E,], (A8)
calculated and compared to experimental results. Good
agreement between experimental data and theoretical calcBo= Y1A2+ ¥2E>+ v3Es; (A9)
lations has been obtained. The predicted theoretical results
and the experimental data both confirmed the monotonic dea,=_—[(1+g,)A, exp — B,L,) +(g,—as)B,
pendence of PCR signal on the ion implantation dose. This 2
rr]on'o.tonlc behqwor makgs the .PC_R tgchnlque a potentially X expl BoLo) + (ga+ bs) Ep expl — asl,)
significant candidate for industrial ion implantation process
control in semiconductor manufacturing. — (921t hy)E;] (A10)
Bs=uAz+ yEs; (A11)
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a1(1-Ry) 7P exp(— 6%a?/4) D,B>+S
= ! ! ) ——— (A2) aszﬂ, (A16)
ZﬂThVDl Bl—al D2ﬂ2_33
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= — — 22 —, (A3 by=5 e, (AL7)
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