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1 Introduction
Characterization of the chemical and electrical behavior of structural defects and
impurities is a topic of great concern in optimizing semiconductor devices since they
usually act as recombination centers, theteby reducing the minority carrier lifetime, a
parameter central to device electrical performance. The inherent electrical activity of
extended structural defects such as dislocations has been an issue addressed by researchers
for rhany years 1-6, The electrical behavio; was initially discussed primarily in relation to
the geometrical configuration of the defect, while the possil;ility of a defect decoration
process was not strongly emphasized. Currently, there is still no clear answer as to
whether, and to what degree, a clean structural defect will be electrically active. This is (iue
to the fact that extended defects are very effective gettering sites for impurities introduced
during crystal growth or during subsequent thermal treatment; hence they are always likely
to be decofated to a certain extent. In this case an impurity-structural defect complex is
responsible for the electrical activity, and its properties may be significantly different from
those of a clean defect 7-9. Currently at NCSU, the basic issues of minority carrier lifetime
control and electrical activation and deactivation due to impurity gettering at defects is being
‘studied by using a Si/Si(Ge) heterostructure which contains a controlled number of
“deliberately introduced misfit dislocations as a model system to simulate a variety of
defect/impurity interactioris which occur at more complicated and less spatially controlled
interfaces. The recombination activity of "clean" and decorated dislocation related trap
centers are revealed by a variety of techniques. Of these techniques, the contactless laser /
microwave reflected power technique has been developed in a temperature dependent mode
for recombination lifetime measurement and deep level spectroscopy.
In chapter 2, we describe the study of impurity gettering and electrical activity of

misfit dislocations in epitaxial silicon grown with an addition of ~ 2% GeHy to a SiCl3H

CVD reactor to provide a lattice misfit which is relieved via the formation of misfit




dislocations. The deleterious impurities such as Ni, Cu and Au were intentionally
introduced from a backside deposited thin metal followed by rapid thermal annealing
(RTA). Transmission Electron Microscopy (TEM) results indicate that the impurities were
gettered along the misfit dislocations in near-surface regions either as Au precipitate
colonies, or as NiSip and CuSi silicide precipitates. Data from Scanning Electron
Microscopy (SEM) in the Electron Beam Induced Current (EBIC) mode revealed that these
precipitates dominate the recombination propertiés of the initially inactive misfit

dislocations.

The impact of defects and impurities on minority carrier lifetime can be measured by
numerous techniques such as the Electron / Light Beam Induced Current (EBIC/LBIC),
light and dark Current -Voltage curves (I-V), Capacitance- Voltage-time (C-V-t), and diode
Pulse Recovery (PR) as described in our last year annual report. However, in chapter 3 we
describe a new development in the laser / microwave lifetime measurement system,
LIFETECH-88®, which has advantages of contactless and non-destructive lifetime
mapping over the entire wafer. This is especially important in solar grade materials since
the wafer and final device are usually the same size..The system has two lasers which
radiate at two different wavelengths allowing us to separate the surface and bulk
components of recombination lifetime. The lifetime of epitaxial silicon wafers containing
“clean”, i.e. as-grown, and Ni or Au decorated misfit dislocations has been studied using
the system.

The evaluation of the electronic defect levels associated with impurities by DLTS
with respect to their carrier capture and emission characteristics is of utmost importance for
understanding their electrical behavior. The qualitative information about energy levels can
be obtained by measuring EBIC contrasts at various temperature since the EBIC contrast,
i.e. recombination activity, directly corresponds with energy levels. In 4.1, we demonstraté

the change in EBIC contrasts of metallic impurity decorated misfit dislocations at two




different testing temperatures. However one technique called laser / microwave deep level
transient spectroscopy (LM-DLTS) has been developed to obtain the quantitative
information about energy levels. This technique is based on an anaiysis of the temperature
dependence of the photoconductance decay curve. The system is especially desirable for
studying the energy level of as-grown defects since it requires no device fabrication. At the
initial stage of this work, Laser/microwave deep level transient spectroscopy (LM-DLTS)

was applied to characterize the energy levels of crystal defects in heat treated CZ silicon

wafers with different [Oi], [Cs], and thermal history, which described in last chapter.




2 “Clean” and Decorated Dislocation

Si/Si-Ge heterostructures with misfit dislocations intentionally introduced in a
controllable fashion have been studied for several years due to their potential for improving
device performance. Recent reports indicate that dislocations may be applied not only as
extrinsic gettering (XG) centers, but also as an active element of new semiconductor
devices. The electrical, structural and chemical characterization of Si/Si(Ge) materials with
misfit dislocations is thus an emerging issﬁe for device fabrication. A study of gettering and
electrical activity of metallic impurities Ni, Au and Cu has been carried out on epitaxial
Si/Si(2%Ge)/Si wafers. The impurities were intentionally introduced from a backside
deposited thin metal followed by rapid thermal annealing (RTA). Transmission Electron
Microscopy (TEM) results indicate that the impurities were gettered along the misfit
dislocations in near-surface regions either as Au precipi-tate colonies, or as NiSi2 and CuSi
silicide precipitates. Data from Scanning Electron Microscopy (SEM) in the Electron Beam
Induced Current (EBIC) mode revealed that these precipitates dominate the recombination
properties of the initially inactive misfit dislocation. The samples used in this study were
n-type (100) Si wafers which contained a buried Si(Ge) heteroepitaxial layer between a
pure Si capping layer and the substrate. The epitaxial layers of Si(Ge) and Si were grown at
1120°C in a chemical vapor deposition system (CVD) by adding approximately 2% GeHy4
to a SiCl3H CVD reactor. Two interfacial misfit dislocation (MD) planes were generated
due to the lattice mismatch between Si and the buried Si(Ge) layers. The location of the MD
interfaces varied from 3 to 5 mm beneath the top surface, while the MD density was
controlled in the range of 106 to 108 cm-2, The 60° misfit dislocations provided a
heterogeneous.nucleation site for impurity gettering. The impurities (Ni, Au, Cu) were
introduced into the sample by thermally evaporating a thin metal layer film on the backside
» of the sample, followed by a rapid thermal anneal for 30 seconds at temperatures rahging

from 800°C to 1150°C. RTA was carried out in an Ar ambient in an AG Heatpulse 210T




system equipped with high intensity tungsten-halogen lamps. SEM in the EBIC mode was
performed on both as-grown and metal decorated samples to investigate the recombination
activity of the impurity/dislocation complexes. The electron beam energy was varied from
10 to 25 KeV to obtain electrical information at different depths. A gold film of about 200A
thickness was thermally evaporated on top of the sample through a shadow mask to form
the Schottky contact for the EBIC/SEM measurement. Finally, both plan view and cross-
section TEM were performed to reveal the microscopic details of the impurity/defect

structures.

2.1 Electrical Activity

An EBIC examination of the as grm_:vn Si on Si(Ge) on Si structure used in this work,
see Fig. 1a, did not reveal any misfit dislocation contrast at all. However, surface traces of
the misfit dislocations were visible on the top surface of the same sample using a Nomarski
optical microscope, as shown in Fig. 1b, which indicates that the electrical activity of as-
grown misfit dislocations is very low, certainly below the EBIC detection limits at room
temperature. The dislocations were then decorated with Ni, Au and Cu by diffusion from a
back side evaporated layer via rapid thermal annealing for 30 seconds. The temperature
range from 400°C to 1200°C was examined in order to achieve different levels of defect
decoration. Significant differences in electrical activity of decorated dislocations have been
observed as a function of the metal and the temperature of annealing. An EBIC image
obtained for a Ni sample contaminated at 1000°C is shown in Fig.2a and reveals that: 1)
EBIC contrast occurs as dark spots for all annealing temperatures; 2) dislocation lines are
not visible between the spots; 3) the density of dark spots increases with the increase of
annealing temperature. The dark EBIC contrast of the Ni contaminated samples indicates
that localized recombination centers are now present along the misfit dislocations.

The gold decorated dislocations gave a detectable continous EBIC contrast after

annealing at or above 800°C, whereas no contrast was evident at 600°C. An example of




Fig. 1 a EBIC/SEM image of an as-grown heteroepitaxial structure
showing no contrast from buried interfacial misfit
dislocations, b Nomarski optical micrograph of the same
area.




Fig.2

SEM/EBIC image of a Ni, b Au and ¢ Cu decorated
misfit dislocations (RTA at 1000°C for 30
seconds)b. Bright field cross-section TEM of the
same sample showing Au precipitate colony at a MD
interface




dislocations decorated at 1000°C is given in Fig.2b At higher diffusion temperatures the
dislocations appear as continous dark lines indicating that they are active recombination
centers along their total length.

Finally, the electrical activity of Cu decorated misfit dislocations was also examined
with EBIC, as shown in Fig.2c, for a sample annealed at 1000°C. The Cu decorated misfit
dislocations become electrically active with a characteristic dark crossed shape which ~
indicateg that these recombination centers form more readily at the intersections of two

dislocations, and then extend out alon g the individual dislocation lines

2.2 Structural Analysis

Performing TEM studies, we found that these recombination centers resulted from
the Tormation of Ni precipitates along the MD, or in the immediate vicinity of the
dislocation. Figure 3a is a cross-section bright field TEM micrograph for the Ni
contaminated sample annealed at 1000°C, showing an octahedral precipitate which
presumably nucleated at the MD interface. The precipitate size was approximately 500nm
and the precipitates were separated by a distance of sefrcral tens of microns. From energy
dispersive x-ray spectroscopy and electron diffraction pattern analyses, these precipitates
were identified as the epitaxial disilicide (NiSi2) with cubic CuF?2 structure. Furthermore, it
was observed from the mic’rogréph that a large number of dislocations were generated
around the precipitates. These secondary dislocations might result from: 1) the 0.4% lattice
parameter mismatch between NiSi) and Si; 2) the internal hydrostatic stress caused by
volumetric contraction of NiSi2 precipitate; 3) the difference in thermal expansion
coefficient of the silicide and silicon during the fast RTA cooling.

These misfit dislocations were decorafed uniformly with Au as shown by the TEM
data in Fig.3b, which is a cross-section bright field TEM image of a MD interface of the
same Au diffused sample. The Au precipitate colonies found along the misfit dislocation are

very similar to those formed during conventional furnace annealing, as reported
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previously10. Since the precipitate size was ~ 50 nm with a separation of 100nm to 200nm,
as we know, the much lower resolution of EBIC in Fig.2b (~ Spum in this particular case)

shows the Au precipitate colonies as continuous lines.

A plan-view TEM study, see Fig.3c, showed that sphericali precipitates formed
along the misfit dislocation. The precipitates were found to have a typical Moiré fringe
contrast, as shown in the superimposed micrograph in Fig.3c, indicating that they were
crystalline. These precipitates were very similar to those formed under similar experimental

conditions and previously identified as cubic CuSi silicide precipitates 11,

2.3 Discussion

It is well recognized that the MD strain field results in a reduction in the nucleation
barrier for localization of a diffusing impurity, and then the misfit dislocations act as
effective heterogeneous nucleation sites. In our study, the impurities were found to be
gettered by MD during RTA in the form of NiSi2, CuSi and Au precipitates. We should
notice that the NiSi2 and CuSi precipitates have crystal structures similar to the Si substrate
and that the precipitation processes consume Si atoms. Both factors can lead to an internal
epitaxial growth with enhanced precipitate nucleation and growth. Comparing Fig.3a and
Fig.3c, it is obvious that the NiSi2 density was orders of magnitude lower that that of
CuSi, but the precipitate size was much larger. This result indicates that Ni precipitates
were difficult to nucleate but once nucleated grow very.fast, while Cu precipitates are easily
nucleated but are difficult to grow. As we know, the precipitate nucleation is controlled by
the driving force, i.e. the free energy, while the growth of the new phase can be affected by
the diffusion of the impurity. However, in order to explain the difference between Ni and
Cu, more quantitative studies need to be performed. Very different from Ni or Cu, Au does
not form silicide with silicon; therefore a lower precipitation growth rate is expected. This

is because the precipitates have to eject Si atoms into interstitial sites thus resulting in a
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large strain associated with the precipitation. This can explain the TEM result of Fig.3b,
which shows the presence of small Au precipitates.

Comparing the electrical activities of decorated and "clean” misfit dislocations, the
as-grown misfit dislocations show no EBIC recombination activity due to their intrinsic
structure. One possible explanation is that if the energy level of misfit dislocation is
relatively shallower, the recombination activity will not be as efficient as that of the energy
level present at the middle of the band gap. Our EBIC study on contaminated samples
indicates that the misfit dislocations are electrically activated by gettered impurities and the
precipitation is responsible for the strong recombination activity. The EBIC images of
decorated MD's with different impurities depend on the distribution of the precipitate at MD
interfaces. Therefore, the mechanism of recombination activity related to these precipitates
must take into account the following factors: 1) existence of a space-charge region
(electrical field) around the precipitates which could increase the effective capture cross
section of minority carriers, thus increasing the local recombination rate; 2) deep levels due
to the precipitation related defects such as point defects or their aggregates, and secondary
dislocation generation as occurs with NiSi2. The most likely mechanism is probably a
combination of both factors. The space-charge region increases the captured flux of

carriers, and the precipitation related defects introduce deep levels. These are two important

| parameters affecting the recombination rate and ultimately the EBIC contrast.
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3 Impact of Defects and Impurities on Minority Carrier

Lifetime

3.1 Bulk and Surface Components of Recombination Lifetime

Recently, contactless, high throughput, nondestructive techniques have been of
particularly interest.12:13 The microwave- absorption/reflection (MR), 14,15 jnfrared
absorption (IA) 16,17, photoconductance (PC) 18 or pseudo-contactless open-circuit
voltage decay (OCVD) 19 methods are commonly used for noncontact recombination
lifetime study. In all these techniques laser illumination is used to generate excess electron-
hole pairs. A signal decay, which carries information about recombination properties of
material, is then monitored after the laser radiation is turned off. This signal is proportional
to the number of carriers integrated over the entire volume of probed material (in the MR,
PC or IA) or to the gradient of carriers at a depletion layer edge (for the OCVD technique).
The decay signal can be described by complicated mathematical formulae generally in the
form of an infinite series of exponentially decaying time-dependent terms, each
characterized by its own constants. 12,13,16,20 From these constants, both the surface as
well as the bulk contributions can be extracted. However, the extraction procedure is not
straightforward, especially for modern materials with extremely high bulk lifetimes of the
order of 1 ms, and there is no one single reliable method to separate ihe surface and bulk
components of recombination lifetime. 20:21 In this work an algorithm has been
developed for recombination lifetime analysis based on two measurements of the sample
excited consecutively by two lasers with different wavelengths. The algorithm was tested
experimentally in conjunction with a microwave absorpﬁonheﬂecﬁon technique on bare and
oxidized CZ silicon material. The surface and bulk rccombination components were -
obtained by applying the algorithm to the experimental data. The algorithm developed here
for the separation ‘of surface and bulk components of recombination lifetime takes

advantage of the fact that the surface and bulk contributions vary if the shape of the
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generation function changes. This change is introduced by using two excitation lasers with
two different wavelengths. Since the absorption coefficient is a strong function of
wavelength, see Eq. (2), the electron-hole pair generation varies with wavelength and the
initial bulk carrier density profiles are affected by surface recombination differently. For the
theoretical analysis of the separation problem the basic relationship describing the average
(volume integrated) density of excess minority carriers vs. time is taken after Ref. 20. This
equation is a solution, under low excitation conditions, of the time dependent carrier
transport problem for the case of a wave light is used to generate electron-hole pa1rs The
surface recombination velocity S is assumed to be the same at both sides of a wafer of
thickness d. The original formulae, see Eq. (7b) in Ref. 20, are rewritten here to allow the

boundary condition that the function maximum occurs at time =0, and also to show the

explicit influence of laser wavelength:

-, d co
8Goexp (——) )
N (A1) = : Z B,A)yexp(-—) (1a)
dT .
=1 " =
Ny (At) =) (1b)
N (A,0)
sin?—z"—g[l- exp(-,cl)]
B,(A)= 1 > 3 2 X
= (o + oy ), d +sin (o, d)]
[oc,ﬁmh( ) oS (1)




(1)

(le)

N (At ) - average density of excess minority carriers
d - wafer thickness

T - pulse duration time

oy - absorption coefficient

D - diffusion coefficient

oLy - roots of F(a) function

T - bulk lifetime

T - n-th decay constant

Ths - surface component of n-th decay constant
S - surface recombination velocity

A - laser wavelength

G, - generation function

In this paper values of D = 30 cm2/s, d = 525 um, and T = 150 ns were used for
calculations, unless otherwise specified. The absorption coefficient is related to the laser

radiation wavelength by Eq. (2) (see Ref. 22)

84.732

oy = ( - 76.417)2 | | 2

with the wavelength A in um and the absorption coefficient oy in emL,

The F(a) function is defined as follow:

D
F(a)= m—s—-cotixz—d




15

Example decay profiles of the normalized minority carrier density for the 1000 ps
bulk lifetime value are presented in Fig. 4a using S as a parameter for family of curves. It |
can be seen that the decay shape is not only a function of bulk lifetime, but also depends
strongly on the surface recombination velocity. In addition, the slope is not cohstant and
for large values of S is much higher in the initial part of the decay. This slope, called an
instantaneous observed lifetime 7 20 has two terms; the first one is the time independent

bulk lifetime Ty, and the second represents a time-dependent surface component Rg

1_1

—=—+Ry(A,S) “)
where
z Bni. exp ( - 'TL')
d — n=1 ns ns
R,== gIn [, Baexp (- )] =— (5)
n=1 ns t
Y Byexp(-—
n=1 ns

Plotting the data of Figs. 4a and in terms of the normalized instantaneous lifetime Tg/ty

yields the families of curves in Fig. 4b. It can be seen in Fig.1b that the instantaneous

lifetime asymptotically reaches its maximum value for time T — . However, since T}, is

not a function of time, the asymptotic instantaneous lifetime can be denied from the

asymptotic value of Rgg (1ih1it of Rg for T — eo’) equal to

Rg=—— ©6)

Tis
This is because the series 15, 125, ..., Tns, -.. is decreasing. Finally, the bulk lifetime Ty,

is then given 'by Eq. (D)
ToaT
T, = Oa‘“ls _ )
T1s™ Toa :

where T is the limit of 1q for T — oo,
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It is evident from Eq. (7) that in order to obtain the bulk lifetime Ty, the surface component -
T1g must be found. There are two relatively simple cases when the surface component can
be easily calculated, without the S value need be known. First, the very low recombination
velocity case (S—0), when T15 — e and Ty = Tp,. Second, for the very high S (S — eo),
where 11 is equal to n2 D / d2. For the middle range of S, 71 depends on S, and the S
value is a prerequisited for further calculations. This value can be obtained by analysis of
the influence of laser wavelength on decay curves, an example of which is shown in Fig.5,
where the decay profiles of normalized minority carrier density for several laser
wavelengths are presented, with S and Ty, equal to 105 cm/s and 10 ps, respectively. It can
be seen that there is a separation d, between the individual décay curves for each pair of
laser wavelengths. The value of d in Fig. 5§ increases with time and approaches its
asymptotic value d,. It is important to notice that the asymptotic d, is only a function of
surface recombination velocity and not of the bulk lifetime. Therefore, this function can be |

used to estimate the surface component of lifetime, if we define the d function as in Eq. (8)

N (A,t)

d=In[ ———] ®)
Nrel(x2’t)
and since
InN (A, t)=-—+In[AY B (1)exp(--) ©)
L n=1 Tas

we have

2B Gpexp(-—) D B0y
n=1

n=1 ns

s=In (10)

2B, 0)exp(-—) D B0y
n=1

n=1 ns




1 ! i v 1] ' ¥ L

$=10° [cmys )
N_ (1) |

0.1

Fig.5 Decay profiles of the normalized minority carrier
density for different values of wavelength A and wafer
thickness d = 525 um. The decay separation is denoted
by d.
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and for'the same reason as in Eq. (6), the limit of d is constant and equal to
Y B.(h)

B 1 (7\, 1) n=1

B, 0\'2) >0

2 Bn O“ l)
n=1

The separation function d is plotted vs. time for different values of S in Fig. 6. The

5,=1n

a

1n

function reaches 95% of its asymptotic value after approximately t = 5 s for a variety of

surface recombination velocities. The d, dependence on surface recombination velocity S is

presented in Flg 7 for selected combinations of laser wavelengths. It is clear that a wide
range of S can be evaluated from d,. As expected, the separation increases if the difference
between two laser wavelengths increases. The upper level of detected S is approximately
10—5 cm/s, since the investigated function saturates at this value. The lower limit of
detectable S depends on resolving each of the two decays (noise problem), and can be
estimated as 100 cm/s assuming a 100:1 signal to noise ratio. Figure 4 is a key issue of the
proposed technique since it ties the decay separation d, to the surface recombination
velocity S. The relation presented in Fig. 7 is a simple function of the specific lcomponents
of equipment (installed laser wavelengths) and the wafer thickness d. The influence of d on

d, is relatively weak within the range of useful wafer thicknesses, i.e. 300 um to Imm.

For a given value of S, the i)ulk lifetime and asymptotic value of instantaneous lifetime are
related through Eq. (7), as shown in Fig. 8. Note that small changes in 79y may make a big
difference in bulk lifetime value, particularly for high surface recombination velocity.
Therefore, very accurate measurements of Ty, and S are required. Finally, some comments
about correct interpretation of the experimentally measured decay with regard to trapping
effects must be made in so far as recombination vs. emission is concerned. This effect is of

particular interest at the later part of decay and is also accounted for in the proposed

algorithm. It is possible that a change in the slope of the decay curve may result from
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varying contributions of capture and emission processes at the mid- and later parts of
decay, respectively. The possible interference of trapping effect, which will degrade the
measurement accuracy, can actually be determined by checking the influence of temperature
increase on the instantaneous lifetime value. This occurs because at elevated temperature,
the recombination process is slowed down while the emission is enhanced; however, this
solution is not always straightforward, especially within the transition range between the
two phenomenons. For such a case the experimental separation function reaches its
maximum and then decreases at the later part of the decay.

The algorithm for separating the minority carrier lifetime into bulk and surface

components reciuires experimental measurements of the d, exp and t0g exp- The surface
recombination velocity is then obtained from d, exp through Fig.7, or via Eq. 11. Once S
is known, the surface component of lifetime can be calculated using Eq. (3) to obtain a1,
and Eq. (1le) to determine the surface component T{g itself. Finally, the bulk lifetime is
calculated from Eq. (7) or Fig. 8. The above algorithm was experimentally verified using
the microwave reflectance LIFETECH-88® system. 13,23 The system contains two lasers
operating at the wavelengths, A{ = 0.91 pm and A5 = 0.83 pum, respectively with the laser
pulse width equal to 150 ns. The time constant of the microwave system itself, including
amplifier, is of the order of 100 ns. The signal to noise ratio, which résults mainly from the
amplifier noise and low level of electron-hole pair generation, is typically better than 100:1.
The vertical signal resolution is limited by the 8 bit A/D converter (256 levels) of the 2430A
Tektronix® oscilloscope, used with the system. _

A commercially available, n-type, (100) orientation, 20 Qcm resistivity, 650 um
thick, CZ-silicon wafer was uséd for the experiment. The silicon wafer was initially
annealed in N2 +5% O, ambient in order to growth a 600 pm thick oxide and the decay
signal was measured on the oxidized wafer. Then, the oxide was removed with buffered

HF solution, and measurements were repeated consecutively over a 30 minutes period, as

well as 24 hours after the etching process. In this way three different surface conditions
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were obtained on a wafer with the same bulk lifetime value. Experimental data and

theoretical fitting for three pairs of normalized carrier decays (3 surface conditions x 2 laser

wavelengths) are presented in Fig.9 and the results are summarized in Table 1. A fairly

Table 1. Comparison of experimental and theoretical results

Process toa A1) toa () da S
[us] [us] [cr/s]
with oxide 43.2 44.6 below detection <100
experiment | 30 mins after etching 18.4 18.15 0.1 1800
24 hrs after etching 12.8 12.2 0.4 12000
with oxide 44.5 44.5 <0.001 1
theory 30 mins after etching 17.45 17.45 0.11 2000
24 hrs after etching 12.61 12.61 0.35 8000

good agreement between theoretical and experimental data was obtained; however slightly
higher than expected separation values are observed in the experiment, especially for the
case of high surface recombination velocity. This tendency is characteristic for all
measurements made with this equipment. We believe that it results primarily from a
deviation of the specified peak intensity wavelengths in the laser diodes used ( LA-160 and
LD-160 series, M/A-Com Laser Diode, Inc.), and/or discrepancies between the actual and

theoretical absorption coefficients given by Eq. (2).

3.2 Lifetime Analysis for “Clean” and Decorated Si/Si(Ge)

To study the impact of “clean” and decorated djsloé:ation on minority carrier
lifetime, we have applied the laser/microwave reflectance (LM) 24-26 techniqie as a
noncontact tool for electrical, and full wafer X-ray topography (XRT) imaging for

structural analysis. The recombination lifetime over a temperature range from 20°C to
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Fig.9 A comparison of experimental data and
theoretical decay profiles for a CZ crystal
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laser wavelengths equal to a) A{ = 0.91 um
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220°C in 5°C steps, and the dislocation distribution were analyzed with these techniques,
respectively. Also, the deep energy levels associated with dislocations were obtained from
the temperature dependence of the recombination lifetime 27 A correlation between the
electrical activity of misfit dislocations and their density was found. Electrical activities of
misfit dislocation in as-grown material and material subjected to ion- implantation with
metals followed by rapid thermal annealing (RTA) were compared. A gettering effect of the
dislocations was observed in this electrical properties.

The samples were fabricated by epitaxial CVD growth of 2 pm thick SiGe(1%)
layer on n-type, Sb-doped, 10-15 Qcm, <100> oriented, 4 inch diameter silicon substrate.
The Si(Ge) layer was capped by subsequent epitaxial growth of a 3 pm thick silicon layer.
In this way, two misfit dislocation (MD) networks at the Si-Si(Ge) plane boundaries were
introduced in a controllable fashion, as shown in Fig.10. The dislocation density varied
with the amount of Ge incorporated into the epitaxial layer, and the network locétion with
the thickness of epitaxial capping layer. In order to observe the gettering properties of MD
and changes in electrical activity after decoration, a set of three wafers was prepared. This
included two wafers implanted from the back side with gold or nickel, with dose Cg =
1012/cm2 at an energy E = 100 keV. The reference wafer was not implanted. As results
from our previous étudy 28-30 jndicated, these two metals have significantly different
mechanism of gettering at MD, and they were expected to influence the dislocation “core”
and its electrical activity in different ways. Following the implantation process, a cross-grid
network of MD over the entire wafer was observed nondestructively with large-area XRT
topography. A map of ’thé corresponding recombination lifetime was also measured. Then,
the wafers were cut into four quarters. Three quarters were annealed with RTA at
temperature 400°C, 800°C and 1000°C for 30 seconds, respectively. A fourth reference

quarter was not annealed. The location of quarters with respect to annealing temperature is

presented in Fig. 11. The commercially available LIFETECH-88® (SEMITEX Co., Ltd.)
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Fig.10 Schematic diagram of Si/Si(Ge)/Si heterostructure
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Fig.11 Annealing conditions for studied Si/Si(Ge)/Si
heterostructures (annealing time t=30 seconds).
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and the GX 21 (Marconi Avionics) systems were used for recombination lifetime and X-
ray topography measurements, respectively.

Figure 12 shows the cross-grid network of misfit dislocatibns obtained with XRT
for the reference (not implanted) wafer. Note the presence of both localized bands with
high dislocation density, as well as relatively more uniform and dense MD networks. The
similar pattern of MD was also observed for wafers implanted with metals, although the
location of MD bands is unique for each wafer and believed to be related to the condition of
the wafer edge. The corresponding map of initial “effective” lifetime (e.g. before RTA
process), defined here as a slope of the later part of the decay signal is shown in Fig.13.
‘The average value of lifetime measured at room temperature was 20 us and a cross pattern
with a depressed lifetime value of 9 pus was detected, which can be matched to the local
variation of dislocation density, see regions marked with an A carrier transport and LM
reflectance theory 31’32, that this “effective” lifetime includes both a bulk and surface
component, resulting from the volume distribution of defects and their effect on
recombination processes. We assumed that the two dimensional MD dislocation network,
characteristic of a studied Si/Si(Ge)/Si heterostructure, is responsible for an enhanced
surface recombination velocity which dominates the surface component of lifetime. This is
because the penetration depth of the laser beam (A=830 nm) used in this study is
significantly deeper than the epi/substrate MD networks (3 ym and 5 ].llﬁ), and additionally
the Si(Ge) epilayer has negligible thickness in comparison to the bulk wafer. Taking into
account the above experimental conditions, we interpret the minority carrier recombination
due to the MD layers as "surface”, and that due to the bulk defects as “bulk” recombination.
These two lifetimes were separated and studied independently using the procedure
proposed iﬁ Ref. 31 which takes advantage of the laser wavelength 1 influence on carrier
decay N(t), as schematically presented in Fig. 14.

Insofar as the bulk and surface lifetime measured at room temperature are

concerned, the initial recombination properties of reference, gold and nickel implanted
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, Fig.13 Map of initial recombination lifetime measured
Fig.12 Transmission X-ray topograph of the XG
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samples were similar. However, the temperature dependence of lifetime was unique for
each contaminant introduced. The results are presented in Fig. 15, where the temperature
scan of lifetime components is shown. The differences in the temperature scan slope,
interpreted as activation energy and marked with solid lines, reflect the differences in traps
location within the forbidden gap, as discussed in Ref. 27. In Fig. 15, superscripts at the
sample identification mark denote the activation energies of the recombination process,
while subscripts refer them to the appropriate lifetime component. After RTA, the sample
quarters were reassembled and the recombination lifetime measurements were repeated. A
map of lifetime similar to the one of Fig. 13 showing the reference XG wafer (not metal
implanted) is presented in Fig. 16. Unexpectedly, the quarter annealed at the highest
temperature revealed the highest value of lifetime measured at room temperature; see
Fig. 16 a. We have attributed this effect not only to MD or a metal/ MD complex, but
mainly to RTA process which introduces a number of defect complexes which are
responsible for capture and re-emission of recombining carriers generated by light. Such a
recombination process is recognized as a trapping effect 33, In the specific case described |
here, we believe that the trapping sources are not only related to vacancies/ interstitials/
contaminants present within the wafer, but in addition to a depletion layer formed around
the MD, or at the surface. This layer is filled with carriers during the laser pulse and then
emptied during signal decay. As aresult, an increase in lifetime within the material can be
observed. This lifetime is controlled by generation (emission) rather than recombination
(capture) process. The trapping effect may be reduced at elevated temperatures; compare
Figs. 16 aand b.

Notice that the electrical activity of near surface MD and in the bulk were strongly
affected by RTA even if there wae no rnetal implanted. The presence of Au and Ni
contaminants additionally modify the MD recombination properties, see Fig. 17a and b,

where the influence of annealing temperature (metal decoration level) on the bulk and

surface component of lifetime is shown, respectively. In order to avoid the trapping effects,
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the lifetimes were measured at 200°C, since at elevated temperature recombination and not
generation effects are dominant. For metal implanted samples, the bulk lifetime initially
slightly increases with temperature within low RTA temperature range (up to 400°C), most
likely due to gettering properties of the dislocations. It then decreases within a middle
temperature range, when implanted contaminants start to diffuse into semiconductor bulk.
At the end, lifetime increases again after impurities are collected at the MD but this increase
is not higher than the initial lifetime value. For the reference wafer, lifetime after initial
increase decreases monotonically with RTA temperature and reaches the same value as for
metal doped samples. It is most likely that lifetime in the bulk of the samples annealed at
1000°C is con&olled not by metal contaminants but by defects introduced by the RTA
process. The surface lifetime referred to electrical activity of MD decreases slowly with the
RTA temperature up to 800°C. This is associated with a surface recombination velocity
increase at the decorated dislocations. However, above 800°C the dislocation activity
abruptly decreases again (surface lifetime increases). We believe that this effect is related to
the creation of an electric field at the MD which repels minority carriers from the dislocation
plane. Notice that, in order to explain this electrical behavior, the formation of n-n* (but
not a p-n) junction around the dislocation has to be introduced. This is because the electric
field associated with a p-n junction attracts minority carriers and increases the observed
surface recombination velocity at the junction plane, while a low-high concentration

junction repels minority carriers and decreases the “effective” surface recombination.
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Fig.17 Influence of RTA temperature on a bulk and b surface component of
lifetime measured at 200°C.



4 Energy Levels of Defects

The electrical properties of defects have been characterized using various methods
such as a pulsed MOS capacitor method 34, a diode recovery method 35, a
photoconductive decay method 36, a surface photovoltage method 37, and measurement of
the diode leakage current 38, From the material characterization point of view, a
noncontact method which requires no specific sample preparation is desired since it is free
from introducing additional defects or impurities. Recently, a new noncontact and
nondestructive method for deep level measurement, laser/microwave deep level transient
spectroscopy (LM-DLTS), has been reported 39. Moreover, the energy levels related to
metallic impurities in silicon obtained by this method ha%re corresponded well to those
obtained by a conventional DLTS method 40, In this study, the LM-DLTS method is
applied to characterize the energy levels due to crystal defects in heat treated CZ silicon

wafers with different [Oi], [Cs], and thermal history during crystal growth.

4.1 Impact of Energy Level on EBIC/SEM Signal

Before discussing the experimental results on clean and decorated defects the important
issue of the detection limit of the EBIC/SEM technique must be addressed since this
technique is the one most often used to verify that a particular defect is an electrically active
or inactive element. Assuming that energy levels can arise within the Si band gap from the
lattice disturbance, one can expect that discrete levels will be associated with clean
structural defects 41. In this case the electrical activity should be correlated with the number
of broken or disturbed bonds iﬁuoduced by a specific defect. This approach is supported
by the results of Pasemann et al.2 who showed, for example, that 60° dissociated
dislocations are more active than screw dislocations. The more important issue, we must
consider, is where a defect energy level is situated within the band gép. According to the

Shockley-Read-Hall theory 12, the probability of recombination is the highest for defects
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occupying deep levels, i.e. close to the middle of band gap, and decreases significantly for
shallower energy levels 42,43 1145 important to mention that the temperature dependence
of the defect electrical activity depends strongly on the energy level position within the band
gap 44,45 In order to better understand this relationship the recombination lifetime of
silicon was calculated using the SRH theory with defect energy level as a parameter. The
results are presented in Fig. 18 for various levels starting from the 0.16 eV (shallow) up to
0.56eV (deep). The trap concentration was assumed to be 1013/cm3 and capture Cross
section 2x10-13/cm2. As expected, deep traps are the most active, thereby yielding the
lowest lifetime values and théir level of activity is practicaﬂy temperature independent. Thus
the EBIC signal for deep traps would be expected to remain the same for the temperature
range investigated in this work. This observation has been made for gold diffused sample
as well as for Ni precipitates for which the EBIC contrast practically does not vary within
the investigated temperature range (300K to 120 K). On the other hand, shallow or mid-
level traps are less active at high temperature yielding substantially higher lifetimes.
According to data from Fig. 18, their activity increases strongly with decreasing
temperature, allowing, for example, a 0.16eV energy level to reach the activity of 2 0.56 eV
level at 150K. A very similar behavior was observed for the Ni diffused sample. The non-
decorated parts of misfit dislocations are i)arely visible at room temperature; however they
become very active at low temperature, indicating that they occupy a shallower level in the
band gap. ‘

A significant change in EBIC cohtrast is observed for the same structure when
imaged at 120 K, see Fig. 19a and b. All dislocations become very active at low
temperature, approaching the activity of the Ni precipitates. Important to mention that the
EBIC contrast did not change when the sample temperature was decreased to 120 K.

Analyzing the above experimental data, one can clearly confirm that the electrical
activity of a dislocation is strongly correlated with the level of impurity introduced during

processing since the activity increased for each contaminant as the sample annealing
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Fig. 18 Theoretical lifetime vs. temperature relationship with activation energy
as a parameter.
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<>

Fig. 19 EBIC/SEM image of heterostructure with misfit
' dislocations decorated with Ni at 1000°C obtained at a
room temperature, and b at 120K.
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temperature increa.;sed. It is, however,very difficult to state that clean dislocations are, in
fact, electrically inactive simply because they are not visible in EBIC images. The different
activity of various energy levels implies that a threshold may exist for the EBIC contrast
since it is based on the recombination properties of defects 46, Therefore, defects with a
medium energy level may not be easily detectable. This also relates to the high purity
interfacial misfit dislocations investigated in this work. We believe that these dislocations
may indeed introduce shallow levels to the band gap, whose electrical activity at room
temperature is below the EBIC detection limits. If additional deep levels arise from impurity
decoration, then the same structural defect could be clearly identified in EBIC images taken
at room temperature as a defect-impurity complex. This is in agreement with the
observationé of Schroter et al. 47, who noted that only defects with states deeper than
roughly 0.3AeV contribute to an EBIC signal at room temperature. One should remember
also that the concentration of traps introduced by the complex, as well as their capture
cross-section must also be taken into account while discussing recombination properties of

defects.

4.2 Energy Level of Defects Measured by LM-DLTS System

Silicon samples used for this study were prepared from six CZ silicon ingots
(n<100>, 150 mm-diam, 20~30 ohm-cm) with different oxygen and carbon
concentrations. The concentrations of interstitial oxygen ([Oi]) and substitutional carbon

([Cs]) were measured with FT-IR according to the ASTM procedures 48,49 The initial

oxygen concentration ([Oi],) was controlled to be in three levels, i.e., L(low), M(middle),
and H(high), ranging 13.3~16.4x1017 cm-3, while the initial carbon concentration ([Cs],)
was in two levels, i.e., L(low: _<_1x1015 cm‘3) and H(high: ~1x1016 cm’3), without and
with doping carbon powders into the silicon melt, respectively. To achieve identical
thermal history during érystal growth for all the ingots, they were grown about 600 mm in

body length under the same growth conditions except for [Oi] and [Cs] control. Wafers of
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650 mm-thick and slugs of 2 mm-thick were cut from the identical position of the ingots,
i.e., 200~300 mm from the seed end. All the wafers were single-side polished and
followed by cleaning with standard processes, while slugs were chemically etched with an
HNO3-HF acid solution to be finished with mirror surfaces. The energy levels in those
wafers were measured with the LM-DLTS method using LIFETECH-88® (SEMITEX
Co., LTD.) after heat treatments under several conditions. Before and after each annealing
step, [Oi] and [Cs] were monitored using slugs which were heat treated under the same
conditions as those for wafers. The [Oi] and [Cs] of samples used in this study are listed
in Table I. The defect morphology in wafers after heat treatments were characterized with
transmission electron microscopy (TEM). In this study, the annealing ambient was N2

(95%) and O2 (5%) mixed gas, and push/pull rate was 20 cm/min without ramp-up and

ramp-down.

(A) Oxygen and carbon related crystal defects A
After iso-chronal annealing at different temperatures (750 °C / 64h or 1000 °C / 64h),
two different energy levels around 0.20 and 0.25 eV were observed. For example, the
Arrhenius plots for wafers E(H-L); high Oi - low Cs, and F(H-H); high Oi - high Cs, are
shown in Fig.20. After 1000 °C / 64h annealing, both the wafers showed an energy level
around 0.20 eV. An energy level around 0.25 eV was observed in wafer F(H-H) after 750
°C annealing, but not in wafer E(H-L) subjected to the same annealing. The energy levels
observed in six wafers after the iso-chronal annealing are summarized in Table 2. The
. wafers have the identical thermal history, but are different in [Oi], and [Cs],. The energy
level around 0.25 eV was observed only in carbon doped wafers which were annealed at

750 °C, but not at 1000 °C.

The possible causes for carrier trap generation are expected to be; (i) the interface
_ states between thermal oxide and silicon substrate, (ii) contamination of metallic imphrities,

and (iii) bulk crystallographic defects. To investigate the effective lifetime (Teff) of these
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Fig.20 Arrhenius plots for the recombination centers, which
were obtained for wafers E(H-L) and F(H-H) after iso-
chronal annealings (750°C/64h or 1000°/64h)




Table 2 Samples used in this study are listed with oxygen concentrqtion ([Oi]o),
oxygen reduction (A[Oi]) and activation energy (Ea) obtained after iso-

chronal annealing for 64h at 750 and 1000°C.

WAFER [Oilo

........................................................

L

1000°C / 20min.

.............................................................................................................................

750°C / 64h

1000°C / 64h

[0ilp-ICslo™ |xE17/cc] A[Oi] Ea(eV) A[Oi}] Ea(eV) A[Oi] Ea(eV)
ALl | 138 0.0 NO 0.2 019 04 019
B(L-H) | 133 0.0 NO 0.7 0.26 03  0.20
C ML) | 147 00 NO 0.0 0.17 0.5  0.17
DMH) | 148°| 00 NO 51 0.5 72 0.17
E(HL) | 163 0.0 NO 0.1 019 45  0.20
FH-H | 164 0.0 NO 147 025 148  0.18

* Lg1x1015¢m=-3 |, H=0.8~1.2x1016¢m-3 (k=1.0x1017c¢m-2)

8%
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wafers after the crystal growth, and the trap levels resulted from the interface between
thermal oxide and silicon substrate, another set of samples from each ingot were prepared
by oxidizing at 1000 °C for 20 min in O2 (50%) and N2 (50%) mixed gas. The teff of
these wafers were over 2 msec. No trap level was observed after this oxidation in all the
wafers. Therefore, it can be concluded that the wafers used in this study were not
contaminated with metallic impurities, and contained no crystallographic defects which can
be identified before the iso-chronal annealing. This result means that the trap levels
obser;'ed after the iso-chronal annealings are not due to surface or interface states, but due
to bulk crystallographic defects generated during annealing process.

Figures 21a-d show TEM pictures for wafers E(H-L) and F(H-H) after annealing at
750 and 1000 °C for 64h. The results did not show any significant effect of carbon on
crystallographic defects generated. After 750 °C annealing, {100} square platelet oxygen
precipitates were observed in both wafers. The {100} square platelet associated with
punched-out dislocation loops and precipitate-dislocation complexes were observed in both
wafers after 1000 °C annealing.

The recombination properties of crystal defects in annealed CZ silicon were
reported by Hwang et al. 50, and they investigated the efficiency of defect morphology on
lifetime degradation. It was found that oxygen precipitates are mainly responsible for
lifetime degradation, and the recombination pfocess at oxygen precipitates take place
through the interface between the precipitates and the matrix silicon crystal. Considering
their result, one may conclude that the two trap levels obtained in the present experiment are
due to {100} square platelet oxygen precipitates and invisible defects in Cs-rich samples,
and the difference in energy level is caused by the difference in their electrical and/or
chemical properties.

The IR absorption spectra for as-grown sample F(H-H) and those subjected to heat
treatments at 750 and 1000 °C are shown in Fig. 22. These spectra were obtained by

subtracting the IR spectrum of an FZ reference sample. The peaks at 515 cm-1 (ng2) and
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Fig.21 Typical defects in wafers E(H-L) and F(H-H) after iso-
chronal annealings. a and b: a {100} platelet oxygen
precipitate, and ¢ and d: precipitate-dislocation complexes
for for wafers E(H-L) and F(H-H), respectively
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607 cm-1 (n) are due to Oi 31 and Cs 52, respectively. As shown in this figure, the nQ)
peak decreased in both samples annealed at 750 and 1000 °C showing oxygen precipitation.
However, the n¢ peak disappeared in the sample annealed at 750 °C, while remained in the
sample annealed at 1000 °C. The origin of a broad band around Cs peak in the sample
annealed at 1000 °C might be crystallographic defects generated in this sample. The result
mentioned above means that Cs precipitated during annealing at 750 °C, but not at 1000 °C.

Shimura reported 53 the enhancement effect of carbon on oxygen precipitation in CZ
silicon. He concluded that there is a critical temperature Tc (800 °C<Tc<850 °C) to
distinguish the mechanism in which carbon enhances oxygen precipitation; that is, carbon
directly provides heterogeneous nucleation sites ([Ci-Oi]C(3) centers) for oxygen
precipitation  at temperatures lower than Tc, while carbon plays a catalytic role at
temperatures higher than Tc. Considering the above mentioned results, it is supposed that
the 0.25 eV level is due to carbon-oxygen clusters, called the complex "perturbed C(3)

center", which were generated during the annealing lower than Tc (750 °C).

(B) Oxygen related migro‘defects

Intrinsic gettering (IG) 54,55 has been widely used in ULSI processes to improve
device performance and yield. Usually, three-step annealing at high-low-middle
temperatures are performed to out-diffuse oxygen impurities for forming a denuded zone,
nucleation for defect generation, and growth of crystal defects, respectively. Figure 23
shows the change in [Oi] for wafers E(H-L) and F(H-H) after each step (1st: 1100 °C/ 4h,
2nd: 750 °C/ 64h, and 3rd: 1000 °C/ 16h). Wafers E(H-L) and F(H-H) have the same
initial {Oi] (16.5x1017 cm-3) and identical thermal history during crystal growth, but have
different in [Cslo ([CslE<1.0x1015 cm-3 and [Cs]p=1.0x1016 cﬁ‘3). No significant
reduction [Oi] (i.e., D[Oi]) was observed in both wafers after the first and second steps.

After the third step, however, wafer F(H-H) shows much greater D[Oi] in contrast with

wafer E(H-L). This fact implies that more nuclei for oxygen precipitates were generated in
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wafer F(H-H) more than in wafer E(H-L) during the second step and the precipitation was
enhanced during the third step because of higher [Cs] in wafer F(H-H). Figures 24a and b
show the DLTS signals after the second step for samples E(H-L.) and F(H-H). No energy
level was observed in wafer E(H-L); while, wafer F(H-H) clearly showed an energy level
at 0.28 eV although significant oxygen precipitation was not observed with FT-IR
measurement. These experimental data suggest that the energy level is due to the nuclei for

oxygen precipitates and/or oxygen related microdefects in wafer F(H-H).

(©) Effect of oxygen concentration on trap generation

The concentration of oxygen is one of the factors which most dominantly affect
oxygen precipitation in éilicon 56, The DLTS signals for F(H-H) and B(L-H) are shown
in Figs. 5(b) and (c). These wafers contain different initial [Oil, i. e., 16.5 and 13.5x1017
cm‘3, respectively, but identical [Cs]( and thermal history. These were annealed with a
two-step process (1100 °C / 4h + 750 °C / 64h). As it was mentioned in section (B), no
significant D[Oi] was observed not only in wafer F(H-H) but also in wafer B(L-H).
However, the signal decrement (DV) in wafer F(H-H) clearly shows the temperature (Tm)
which gives a peak of DV at a particular rate window, and the resulting Arrhenius plot
gives an energy level at 0.28 eV. On the other hand, in wafer B(L-H), the dependence of
DV on temperature is weak although this wafer contains high [Cs] to act as nuclei for
oxygen precipitates. Therefore, it is difficult to obtain a trap level by desfgnating Tm.
Considering.these results, one may find that the density of trap levels generated during
annealing increases with initial [Oi]. This result corresponds with the enhancement effect

of oxygen supersaturation on the oxygen precipitation.

(D) Effect of high temperature pre-annealing
It is well known that a high temperature annealing retards oxygen precipitation

during subsequent annealing. Figures 24a and d show the DLTS signals from two E(H-L)

wafers after 1100 °C / 4h + 750 °C / 64h and 750 °C / 64h iso-chronal annealing,
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Fig.24 LM-DLTS signals obtained for six wafers after an iso-chronal annealing
(750°C/64h) a wafer E(H-L):1100°C/4h+750°C/64h, b wafer F(H-
H):1100°C/4h+750°C/64h, ¢ wafer B(L-H):1100°C/4h+750°C/64h, and

wafer E(H-L): 750°C/64h. '




respectively. Although both wafers showed no significant D[Oi] after the annealing as
shown in Fig. 23 and Table 2, wafer E, Fig. 24d, manifests an energy level at 0.19 eV.
As mentioned in section (A), this trap level is due to interface state between oxygen
precipitates and matrix silicon crystal. However, in wafer E, Fig. 24a, the dependence of
DYV on temperature is weak compared with that of wafer E, Fig. 24d, as a result of a low
trap density in wafer E, Fig. 24a. Itis thcrefdre difficult to designate an energy level for
wafer E subjected to a high-temperature pre-annealing at 1100 °C.» This means that wafer
E, Fig. 24a contains low trap levels because of its low densify of oxygen precipitates. This
result supports that the retardation effect of high temperature pre-annealing on oxygen
precipitation is due to the lack of microclusters which can be nucleation centers for oxygen

precipitates 57,

(E) Effect of thermal history during crystal growth

Thermal history during crystal growth strongly affects the rate of oxygen

precipitation during heat treatment. In general, a sample prepared from a bottom portion in
one ingot shows much less D[Oi] by annealing than samples from other portions. This fact
has been considered that the former contains much less nuclei for oxygen precipitation than
the latter because of its rapid cooling rate, which also results in a short thermal history, in a
crystal puller.

Figure 25 shows the Arrhenius plots for two wafers after iso-chronal annealing at 750
°C for 64h. These wafers have almost same initial [Oi] (13.8x1017 cm3 for A(M:middle)
and 13.2x1017 em™3 for A(B:bottom)), but different thermal history in one ingot; namely,
A(M:middle) and A(B:bottom) were prepared from 200~300 mm and 500~600 mm from
the seed end, respectively. In both these samples, a trap level at 0.19 eV was obtained.
After the iso-chronal annealihg, DI[Oi] was negligibly srﬁall for both wafers. Néverthe_less,
the total cross section of the trap level is much higher in wafer A(M:middle) than in wafer

A(B:bottom); which suggests that a low density of precipitates were generated in wafer
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LM-DLTS signals obtained for a wafer A(L-L:M) and
b wafer A(L-L:B) after 750°C iso-chronal annealing
for 64 h. These were prepared from middle (M) and

bottom (B) portions in a ingot.
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A(B:bottom). This result supports previous observations on the effect of thermal history

on oxygen precipitation 58,59,




RECOMMENDATION

The above report describes recent achievements at NCSU in nondestructive analysis
of the minority carrier lifetime parameter in Si/Si-Ge materials, the evaluation of clean and
impurity decorated defect structures in these materials and the electrical activity of such
defects by LM-DLTS, EBIC/SEM and other techniques. All of these studies are directed
toward making technological contributions of real economic value in the field of defect
~ engineering for photovoltaic materials .

However, extensive work remains in acquiring the detailed scientific knowledge to
facilitate process innovations to control the electrical activity of structural defects present in
crystalline Si wafer, dendritic web and EFG ribbon materials. We are now in a good
position to design and employ a complement of nondestructive methods for defect‘
characterization based on whole wafer imaging with X-Ray (XRT) and Scattering
‘Topography (LST) as well as further development of LM-DLTS techniques. It is
considered here that LM-DLTS results must be comparison tested against our own in-house
conventional depletion layer capacitance DLTS system now under development. This will
allow us to give special consideration in evaluating our LM-DLTS techniques when
investigating certain unique physical properties of clean/decorated structural defects such as
the formation of depletion layers around misfit dislocations which might effect energy level
and minority carrier lifetime determination. The recently developed LST technique will be
used for mapping the fine structural and morphological details. The result of this study
correlating electrical/defect properties will solve a basic problem which exists with
conventional space charge relaxation techniques, i.e. the need for processing to contact the
sample surface will be eliminated. Representative photovoltaic substrates in the és-grown, '
gettered, passivated and device fébn'cation stage will then be mapped over areas up to 5

inches in diameter.
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Also planned is a study of the electrical activity of process induced and passivated
defects. The objective of this work is to investigate a variety of post-growth processes
which are likely to decrease the electrical activity of defects and to improve the performance
of crystalline silicon photovoltaic materials. Our main interest will be focused on defect
passivation using hydrogen implantation and diffusion, although issues related to the
electrical behavior of “clean” and decorated dislocations will be explored. The overall
objective will be:

- to determine the diffusion coefficients and gettering mechanism of
hydrogen in different crystallinc. materials containing a variety of defect
types,

- to. correlate the electronic hydrogen passivation with the chemical /
structural nature of the different impurity-defect complexes,

- to develop less destructive procedures for hydrogenation.

The structural and chemical studies will be focused on determining the type of
impurity, the size of the impurity/defect complexes and the level of associated damage. Of
particular interest will be merging EBIC/SEM and scanning DLTS for the temperature
dependence of the defect electrical activity and the temperature dépendence of carrier

lifetime and diffusion length, parameters which reflect global properties of crystalline

silicon. Practical data on hydrogen diffusivities in a variety of substrates of interest to

SERI will be generated and modeled.
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