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ABSTRACT

v»Modiﬁ,ed and new measurement téchniques were developed for determin-
iﬁg the car‘ri‘er generation-recombiﬁa.tion (G-R) parameters in sillicon solar cell
material under 'c#rrier deficit a.nd' low-level carrier excess conditions: using
MOSebased test structures. The structures mainly consisted of ring-dot MOS-
Capacitors (MOS-C) and Schottky-Drained Gate—Contfoll’ed Diodés:(SGC’D).
Sg.mple G-R .parameﬁers were extracted from n-type high quality silicon solar
clall, material. Additional measurements were also performed on low-quality n-

type Silicon substrates for comparison purposes.

- The photoaccelerated MOS-C Capacita.née-time (C-t) transient measure-
menf ﬁeéh.nique, modified from the standard C-t method, allows one to drasfi—'
" cally reduce the 6bservation time in deducing the carrier generation lifetime
(rg) by simply iliumina.ting the test structure during the transient. In applying
the technique to MOS-C’s (which éxhibiﬁed generation. lifetime on the order of
1 msec) the observatioh time was reduced by approximately an order of magni-
‘tude. This is important in dealing with solar cell material because of typically
long generation lﬁetiﬁes. |

The SGCD | structure, which consisted -of an extended Schottky diodé
located next to an MOS-C, was developed and utilized for extracting the



surfs'.ee generstien ve'locity-‘(sg). ‘bThe messurement is besed» on reeor&ing two
C-t traustents atVD =0 andat VD = VT’. respectively. The structure has a
distinct edvantage over the ebuventiouel PN junctiou GCD in that it is only
slightly mpre cemplicated to fabricate vaAud interrogate than a simple»MOS-C.
It was also d_emonstrated that stea.dy-_Sta,te deep-depletipn C-V characteristics
ca.n «be..obtained usingthe SGCDstructure. |
An MOS-C photo/ forward-sweep measurement technique was primarily
: developed to extract the recombmatlon lifetime (7, for n-type substrates) under
low-level carrier excess cond1t10ns The new technique is ba.sed on the cha.nge
“in mversmn capacltance in response to a set of 1llummat10n and forwa.rd-sweep
lvoltages apphed to the MOS—C The techmque con'vemently a.llows one to
‘ '-extract the recombmatlon hfetlme under room temperature condrtlons and was
successfully apphed to MOS C’s fabrlca.ted on hlgh quality sﬂlcon sola.r cell

substrates.



CHAPTER 1
INTRODUCTION

Carrier generation-recombination (G-R) is one of the major fundamexité,l
~processes which influences the characteristics and eventually dictates ‘the
performance of semiconductor devices. In the area.of silicon solar cell design,
one of the criteria for achieving high energy conversion efficiency is to
miﬁimize carrier generation-recombination rates throughout the device, ie,in -
‘ the bulk and at the surfaces [1-4]. A proper characterization of carrier
generatlon-recombmatlon is, therefore, a key requirement prior to further cell
improvements.

~ While today’s silicon substrates used in solar cell fabrication are of high
quahty, it is the subsequent wafer processing which inevitably introduces
ﬁmntended impurities into the substrates [5,6], hence increases unde51rable
,geﬁeration—reédmbination rates and ultimately degrades the cell performance
Consequently and logistically, test structures built on processed solar cell
substrates should be employed for the characterization of carrier generation
and ‘recombination. In this work, Metal-Oxide-Semiconductor (MOS)-based
test structures were utilized for the generation-recombination measurements.
As will be detailed in the Research Overview, the work described in this
writing is in fact a portion of a larger research program; cited MOS-based
measurements were developed as a correlation technique for characterizing
carrier generation-recombination in processed silicon solar cell material.

The two parameters used to characterize carrier generation are generation
lifetime (Tg) and surface generation velocity (sg), which describe the bulk and
surface generation respectively. Similarly, recombination lifetime (7;) and
surface recombination velocity (s,) are the corresponding parameters for

g
to, each other under certain conditions [7]. A similar statement can be made

characterizing carrier recombination. 7, and 7, are different from, but related

for s, and s;. For silicon solar cell material with minimal carrier generation-

recombination rates, both- Te and 7, are expected to be large in magnitude



. Whereas"'sg“and""s are projected to be small. Ideally, one would like to

determine all four parameters using the same test structure. - In reality,
" however, one or two.of the mentroned parameters are typlcally determlned

 with-a g1ven device. Herein, we describe: and illustrate modified or new

vtechmques developed for the determmatlon of 7y, Sg and 7, in processed solar '
: ‘Acell materlal using MOS- based test structures '

" 1.1 Literature Review

1 1 1 Genera.l Overv1ew :

A survey of lifetime. measurement technlques in 1968 y1elded 300 papers o

_p.ubhshed during. the period from 1949-1967 [8); and it is undoubtedly safe to

~_speculate that an equivalent or greater number of papers have been published
since 1967. There are at least forty lifetime measurement techniques available
today [9,10], and additional technrques are under contlnuous development.
Understandably, it would be dlﬂicult if not 1mposs1ble, to g1ve a thorough and
_~d1rect comparison: of the techniques. The ‘measurements, however, can be
grouped into two general categorles ‘The first category includes those
techniques which are performed on bulk substrates (and which are therefore of
limited 1nterest herein).” Major approaches include photoconduct1v1ty decay
: [11] surface photovoltage [12], and the photoelectromagnetic. method [13].

" The second category involves measurements which require the use of test
;structures such as PN junctions, gate-controlled diodes and MOS- Capacltors :
”(MOS-C) In pafticular, PN Junctlons with different configurations have been

.extensrvely employed for extracting 7; and s;. - Major measurement techniques =

| "such as spectral response [14,15], open-circuit. voltage decay and short-circuit
current decay [16-20] are frequently used for extracting 7,. Whlle the use of a
PN Junctlon is an apparently logical chorce for measuring Tr in solar cell work,
‘vdlfﬁcultles are. often ‘encountered  in interpreting results. ‘For example, the
carrier recomblnatlon process may be influenced by band-aap narrowing and |
.‘Auger recomblnatron [21-23] associated Wlth heavy doping eﬂ'ects '

The gate—controlled dlode (GCD) [24, 25] which consists of a PN Junctlon

'--surrounded by an MOS-C, is. ‘another popular test structure. It has been_ o

’»,W1dely used for both s, and 7, measurements Unfortunately, P1erret ‘and
' P1erret et al [26 27] have shown that in order to deduce the true s, parameter, |



the dimension of the MOS-C gate must be less than or approx1mately equal to
_ the carrier’s effective diffusion length in the silicon surface channel Thls
tends to complicate the configuration and fabrication of the GCD [28].

- Be(:ahse of its fabrication and interpretational simplicity, the;'M,OS-
Capacitor is perhaps the most frequently employed -carrier genere,tion-
recombination test structure. The majority of experimental results 'pi-esented
herein are derived from standard or modified MOS-Cs. A more . detailed
review of published MOS-C-based measurement techniques is given m the next
two subsectlons ' e

1 1 2 MOS-C Carrier Generatlon Studla

Va.rlous methods have been developed for the determination of generatlon
‘hfetlme a.nd/or surface generation velocity using the MOS-C test. structure.
These methods, when classified according to the type of perturbation applied
to the MOS-C, can be grouped into pulsed gate voltage techmques and voltage
sweep techmques All measurement techniques, nevertheless, are commonly
_ based on the response (mostly capacitance response) of the MOS-C after it is
' drlven mto deep depletion. The pulsed MOS-C Capacitance-time (C—t) :
transuent method was first introduced by Jund and Poirier [29] to extract Tg

In the Jund and Poirier measurement, the MOS-C was initially biased under o

accumulatlon conditions. It was then suddenly switched from accumulation to
‘deep depletlon by application of a large inverting gate voltage step (commonly
referred to as pulsed voltage). The capacitance response was then recorded as
a function of time as carriers were thermally generated, relaxing the MOS_-C =
to equilibrium inversion. The original analysis of the C-t transient performed
by Jund and Poirier was incorrect; the minority carrier generation rate was
assumed to be proportional to the rate of cha.nge in depletlon Wldth
»Consequently, was incorrectly deduced.

A more deta.lled a.nalysw of the C-t transient was later glven by Zerbst
[30]. Two major modifications were introduced. First, an additional
generation component associated with the gated surface was included. The
surface generation rate was assumed to be constant throughout the transient,
Second, carriers were noted to be generated in only a portion of the depletlon
region. The second modification was important because “of a rapidly
decreasing generation rate near the edge of the depletion region. With'th‘e
above changes, a plot of —d(Cg/C)?/dt versus Cy/C—1 (commonly referred to -



as Zerbst plot) was constructed from the measured C-t transient; Cq is the
’ ox1de capacltance and C is ‘the mstantaneous capacitance at time t during the
_tran51ent The generation hfetlme and the gated surface generation veloclty

- were ‘then derived, respectlvely, from the. hnear slope of the plot and the
, ,extrapolated —d CO/C)Z/dt axis. ' - o

, Helman [31] 81mp11ﬁed Zerbst’s analysls by neglectmg the gated surface
gene atibf component. He pomted out that Zerbst’s assumptron of. a coﬁstaﬁt
'_gated surface generatlon rate throughout the transient was incorrect: once an

R inversion layer was formed, the surface states were filled by minority carriers

~and subsequently the gated surface generatlon rate should be reduced The -

' slmphﬁcatlon meant that 'r could be obtained by measuring C and dC /dt at

“any point on the C-t curve.  While the method allows one to determlne Tg
' rapidly, the value obtamed is sens1t1ve to pomt chosen on the C-t curve and is
: typlcally maccurate ' e SR ’

Huang [32] pubhshed an analysis similar to' that performed by Helman
, 'He also assumed ‘that the capacitance change was caused solely by carrier
- generatlon msrde the depletlon reglon, and hence repeated the Helman mlstake

i extractmg Te:

Schroder et al 33, 34] ﬁrst noted the 1mportance of lateral surface
' generatlon, a carrler generatlon component which was prev1ously 1gnored ‘on

the general behavior of the C-t transient and the correspondmg Zerbst plot |
: The lateral surface region, which is depleted of carriers and hence glves rise to
lateral surface generatlon, is an extensmn of the depletlon regron beyond - the

o gate perlphery Assumlng that the width of the laterally depleted surface was

. the same as. the width of the depletlon region, they showed that the generatlon
- parameter deduced from the Zerbst plot was not the ‘true lifetime, but an
effective generatlon lifetime (7, ) 1' is a function of 7,, s; and the P/A ratio; P
N and A are respectlvely the perlmeter and area of the MOS-C gate For a given

8¢ (whlch is typlcally small for a properly processed MOS-C), it is 1mportant to

‘employ MOS—Cs of large d1mens1on so as to minimize the error in deduclng o

| .'_the true generatlon llfetlme In addltlon, since the gated surface generatlon is
: reduced once an inversion layer is formed the extrapolated intercept of the :
Zerbst plot should not be 1nterpreted as the surface generation veloclty

Not1c1ng the dependence of the lateral surface generatlon on the. '

penmeter to area ratio, Kano et al [35] proposed to measure 7, and s uslng»'

g
'MOS-Cs of dlﬁ'erent radu However, since both Tg and Sg vary from dev1ce to

, ddevrce across the wafer surface, the proposed method is in general,




inapplicable. _ |

A similar approach was given by Rabbani et .al [36]. Capacitors of
varying perimeter to area ratio were used. They considered not only the
lateral surface generation but also accounted for the lateral volume generation
of the extended depletion region. Since their method also relies on several
capacitors (ea.ch with its own 7, and sg) to extract a single value of Tg and sg,
the technique has the same dlsa.dva.nta.ge as that of Kano. ’

Calzolari et al [37,38] showed that by measuring both the C-t and I-
transients, where I is the external current, 7, and s, could be determined from
the plot of I versus (1/C —1/Cy). The measurement procedures are slightly

comphcated because two correlated measurements are required.

* A pulsed I-t transient method was implemented by Trullema.ns et al [39],
1'g was evaluated from the I-t data at t=0. Since 7y was determined from only
one point, namely the data point at t=0, the response time of the
‘measurement system has to be taken into account. Moreover, the extraction
of 7, is expected to be inaccurate because the surface generation rate is hlghest
at t—-O .
A graphlca.l scheme was developed by Pierret [40] for the rapid
determmatlon of 7. using three points on the C-t curve. The merit of the
~approach is no lengthy data manipulation is required. The C—t curve,

however, must be "well-behaved".

~ Yue et al [41] also developed a fast extrapolation technique‘ for
determining ?'g.' Instead of waiting for the complete recovery of the
capacitance, a time t, is arbitrarily chosen to end the measurement. The total
recovery (transient) time, t,, is then extrapolated from a InW vs t plot; W is
the depletion width computed from the capacitance. One then calculates Tg
using the extrapolated t, value and an additional capacitance-time information
obtained at any point on the C-t curve. The extracted Tg however, can be
quite inaccurate if the measurement time, t,, is not properly chosen (whlch
unfortunately, is an arbitrary parameter). One may have to repeat several
‘measurements using different t; values in order to achieve a greater degree of
- confidence in 7, results. '

_Keller [42] instituted a major modification of measurement procedures.
Instead of recording a complete C-t curve, he sampled various portions of the
C-t tra.nsrent by periodically pulsing the MOS-C with different voltage
ma.gmtudes Before each pulse was applied, the nonequlhbra.ted MOS-C was



rapldly restored to the equlhbrlum inversion by 1llum1natmg the device. In
this way the measurement time is reduced The mstrumentatlon setup 1s,
however, qulte comphcated ‘ o

As mentloned before, a second group of 1' measurement methods can be
: generally classified as voltage sweep technlques Hlstorlcally, Pierret [43] was
~the. ﬁrst to lntroduce the linear voltage sweep technlque for determlnlng Tge

Thls nonpulse method is based upon the C-V characteristics of the MOS-C in

. i response to a linear voltage sweep creating deep depletion conditions. For a

glven sweep rate R, the deeply-depleted capacitance will eventually saturate at

- some point (Cm) after apphcatlon of the sweep. A set of linear-sweep curves

- are recorded and a plot of R versus (Cr /Csat — 1) is constructed. This plot is
1dent1cal in- mformatlon content to the Zerbst plot. For long lifetime devices,
the experlmental observation time can be quite lengthy and there may also be

" some questlon as- to whether the capacitance - has truely saturated
- Subsequently a modlﬁed linear sweep techmque was proposed by Pierret and -
" Small [44]. In the modified method, a preselected deep-depletion capacitance
was malntalned at a constant value by adjusting the sweep rate. ThlS is

. accomphshed using a blas supply circuit.

Usmg a dot-dual ring MOS-C structure, Small and Plerret [45] developed

f-a subtractlon method based on the modified linear sweep technique. - In the

" substration method one can separate the depletlon region generation ‘and the
o lateral surface generatlon Their method allows one to accurately determ1ne’
. ‘Tg and estlmate Sg- ‘ -

Us1ng the modlﬁed hnear sweep method both Eades et al [46] and Hof ot
al (47] performed measurements on single-dot capac1tors of different perlmeter
to area ratio in an attempt to separate 7g -and s;. Their methods are of
. 11m1ted apphcatlon since 7, and s ‘vary from dev1ce to device across the wafer

g°
surface
Gorban et al [48] modlﬁed the analysus of the linear sweep method by
-accountlng for the dependence of s, on the inversion charge density. The
techmque was based upon non-equlhbrlum C and dC/dV measurements at a

- given sweep rate. However, such dependence is typically negllglble

A trlangular voltage sweep technlque was later developed by Tanlguchl et
al [49] It utilized both ‘reverse sweep (from inversion towards deeper
. depletlon) and forward sweep. While the measurement time for acquiring
experlmental data 1s reduced the tlme to extract Tg and Sg is lengthenedv



, because a famlly of graphical curves has to be generated prlor to data v
B analy31s ‘

‘ L1n [50] also used the triangular voltage sweep method. and related Tg to
the slopes of the forward and reverse swept C-V curves evaluated at a' chosen

, deep-depleted capacitance. The measurement is simple but the i 1naccuracy 1n'
determmlng the slopes typically introduces unacceptable error in Tg

As a final observation: of the many avallable measurement methods, the
pulsed C-t transient technique has remained as one of the most W1dely-used'
methods for extracting 7,. The technique is well established not only because
of its 31mp11c1ty in measurement but also due to the emergence of automated
data acquisition and computer analysis. The pulsed C-t technique (elther in
standard or ‘modified form) constitutes the major analytical tool employed in
this work o

1. 1.3 MOS-C Carrler Recornbmatlon Studies

| The measurement of the carrier recombination hfetlme using the MOS-C
as first performed by Tomanek [61] in 1969. In his method, the MOS—C was
1n1t1ally biased 1nto inversion. Under this condition, an inversion: layer of
mmorlty carriers was formed underneath the interface. The MOS-C was then
momentarlly pulsed from inversion to accumulation. Consequently, the '
minority carriers became excess carriers and gradually recombined in the bulk
of the MOS-C. Right after the termination of the pulse, the MOS-C was
deeply depleted, and the remaining excess minority carriers — those that did-
not recombine during the pulse time — were drawn back to the interface.
The amount of recombined carriers, 6Q, was computed from the capacitances
recorded before and after the pulse. Assuming a simple decreasing-
exponential relationship between carrier concentration and time, Tomanek

~ constructed a semilog plot of §Q versus 5t where 6t is the pulse duration, and

deduced 7, from the slope of the plot. One problem with the method was the
assumptlon that there was no variation of surface state charge during the
,pulsmg perlod This assumption is incorrect; surface states do introduce an -
error in the Q measurements. Another disadvantage is that the measurement.
time is comparable to 7, whlch is typically on the order of m1croseconds :

- Calzolari et al [52] later extended and modified Tomanek’s method.
Addltlonal factors which mlght affect the measurements were evaluated



' ‘namely, hlgh level carrier 1nJect10n, lateral d1ﬂ’us1on of mlnonty carrlers and
" -the surface state effect. Modifications of the measurement included pulslngb
"vthe MOS-C from inversion to flatband conditions (hence reducing the surface

__state eﬂ'ect), and momtorlng the change in minority carrier concentratlon :
' dlrectly with an electrometer. -Their experimental semllog 7] versus & plots,
~ where 7 is the: normahzed residual minority charge, always- deviated from the
: theoretlcal umty intercept on the 7-axis. They concluded that the dev1atlon

R Was: caused by surface states.

- Hlllen et al 53, 54] re-examined the analy81s given by Calzolarl et al and .
S jsuggested that both surface states and the mcomplete return of mlnorlty
L carr1ers accounted for the non-ldeal -6t observation.

: Tomanek’s carrier injection scheme was also. adopted and modlﬁed by
Wei et al [55] for determining 7;. To minimize the surface state effect, the
MOS-C was agam never pulsed into accumulation. An approx1mate dlﬁ”uswn -

’model whlch included the incomplete return of minority - carrlers, was -

k developed The resultant ‘analysis showed that the remammg (not-f
‘ recomblned) mmorlty carrlers did not follow the simple decreaslng-exponentlal
. dependence on the pulse width. Experlmentally, device lags (the fraction of

~injected minority carriers) were measured for a set of pulse wldths_ Ty ‘was a
~ then varled to fit the measured data and was- subsequentlv determined whena

-best ﬁt ‘was obtained. The lag measurements, however, are very comphcated
‘as a correctlon must be made for each measured data point durlng the data .
analysrs v e v R ‘ ’

An‘ alternate scheme to create eXcess -carriers mslde the MOS C as

, suggested by C. St. L. Rhodes et al [56], was to 111um1nate the back side of the

o MOS—C In the c1ted measurement, the pulsed C-t transient response of the
o '1llummated MOS—C was mamly due to the photogenerated minority . carriers.
, The requlrement of mcorporatmg an aperture in- the back metalhzatlon,
however, greatly comphcates the proposed measurement. RN '
A dlﬁ'erent approach was introduced by D.K. Schroder et al [57 58] for
' determmmg 7.~ The techmque involved measuring the pulsed C-t transient at '
elevated temperatures The underlymg principle is based on the dominance of
the quasn-neutral bulk generatlon over the depletion region generatlon at: hlgh ,
temperatures When the - dominance ‘occurs, a plot of 1—(C; /C)2 versus t
B should reveal a linear characterlstlc, C is the initial capacltance at t=0. 7, 1s_5 .
‘then deduced from the constant slope of the plot. M. Aminzadeh et al [59] -

L r‘fextended Schroder s method and showed that as the area of the MOS—C‘




decreases, lateral quasi-neutral bulk generation must be accounted for to'(
obtain an accurate 7, determmatlon ‘While Schroder s method is convement '
for extractmg 7, the method is of limited utility since 7, is often a functlon of o
. temperature [60,61]. ~ L :

1 2 Resea.rch Overview And Thesis Organization

As pomted out in the preceding introduction, one of the de51gn crlterla B
B for improving the silicon solar cell performance is to minimize carrier
generation-recombination rates. The generation-recombination rates, in turn,
are closely related to processing. As a result, appropriate test structures,f'
together with a systematic measurement approach, must be employed to
characterlze carrier generatlon-recombmatlon '

. The goal of the overall research program was to develop rehable'

- dlagnostlc ‘measurement techniques which were capable of extracting the

desued . generatlon-recombmatlon parameters systematlcally .and .
unamblguously over a broad range of excitation conditions. Two
comphmentary measurement approaches were ‘adopted, and pursued m ,

' parallel for achieving the cited goal. The first approach (under development |
by the author s colleague, Fati Sanii) was to employ infra-red free carrler'
absorptlon for determining 7, and s, under various carrier excess condltlons
The second approach, which is the author’s research domain, was to estabhsh
vMOS-based measurement techniques for providing generatlon-recombmatlon _
1nformatlon under carrier deficit and low-level carrier excess conditions. It

should be noted that the MOS-based measurement methods pursued by the B

author were envisioned in part as a means of checking, or at least correlatmg,
the results derived from the highly-novel infra-red free carrier absorptlon
measurement method. _
The remainder of the thesis is orgamzed as follows »In Chapter '2,
background information are provided which include a brief review of carrier-
" G-R statistics, the establishment of expressions for the four carrier G-R
parameters (Tgy S 7r 2nd ;) and their relationships to the G-R rates. In
addltlon, the measurement concepts for extracting the carrier G-R parameters
is also qua.htatlvely introduced, followed by a concise review of the standard
pulsed MOS-C C-t transient analysis. Next, the general wa.fer processmg
steps, test structure fabrication procedures and three measurement set-ups are -
descrlbed and summarized in Chapter 3. In Chapter 4, the determmatlon off’
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generation parameters using modified C-t techniques are explained and
illustrated. Chapter 5 is entirely devoted to the presentation of a new
technique for extracting the recombination lifetime. Lastly, a summary and
¢oﬁclusion are given in Chapter 6. - '
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CHAPTER 2
_ CARRIER G-R PARAMZETERS AND I\'IEASUREMENT CONCEPTS

 There are different kinds of carrier G-R processes. For silicon, which is

indirect bandgap material, the dominant G-R process is that which
proceeds via G-R centers located within the silicon bandgap. These G-R
centers ‘can be envisioned as sfepping stones for the carriers. For a
nondegenerate semiconductor, the indirect carrier G-R is best descrlbed by
Shockley-Read-Hall (SRH) statistics [62,63]. : '

According to the spatial origins, carrier G-R can be respectively classified

as bulk and surface G-R. In particular, the surface that we are interested in is
* the Si0,—Si interface, since it is the basic surface constituent of MOS-based
‘test structurés. The two parameters used to characterize carrier generatlon
are generation lifetime (7;) and surface generation velocity (sg). In 2 like
manner, the corresponding = parameters for characterizing carrier
recombination are the recombination lifetime (7;) and surface recombination
‘ veloclty (sp)- |

In this chapter, the SRH formalism of the bulk carrier G-R statlstlcs is
briefly reviewed. Next, expressions are established for 7, and 7‘1. corresponding
to carrier deficit and low-level carrier excess conditions, respectively. A
similar analysis for the surface G-R statistics is then examined. This
eventually leads to general expressions for s and s. Following the
_establishment of carrier G-R relationships, we present a qualitative overview
of the measurement concepts for obtaining 7, and 7, using an MOS-Capacitor.
This preview lays the groundwork for comprehendlng a more detailed analysis |
of measurement techniques presented later on in Chapter 4 and 5. Finally, we
_ rewew the analysis of the standard C-t transient technique, a rev1ew which
serves as a basis for subsequent modifications.
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‘ 21 BulkA.nd Surface_ G-R Relationships N

) General Bulk Relatlonshlps

1 For an n-bulk silicon substrate the electron is the maJorlty carner"-
whereas the hole 1s the mlnorlty carrler The carrier conceutratlons 1r1 the
: substrate are glven by G T L

1_.n‘;—=n°»'+5n: ) o , (213)
U pe=potl - e e (2.1b)

where no(po) is the equlhbrlum electron (hole) concentratlon [cm 3], ( ) is
the- excess- or. deficit electron (hole) carrier concentration [em™ 3] relative to |
equlllbrlum, and n(p) is the total electron (hole) concentratlon [em™ ] R
o The four basi¢c transmons ‘of -electrons . and holes via single level G-R_ '
E ;fcenters of ‘energy Ep are. 1llustrated in Fig. 2.1 Transition (a) and (b)
represent the. electron capture and emission from ET, respectively. Sumlarly,

transition (c) and (d) describe the capture and emission of holes from Er. The B

_ generatlon-recombmatlon of an electron—hole (e-h) pair can be depicted as a

- combination of these transitions. Transition (b) and (d) result in an _eh paxr

- generation, whereas (a) and (c) produce an e-h pair recombmatlon

A detailed discussion’ of the SRH formalism is given in- [64], and is
: summanzed as follows. Intuitively, one can readily argue that the net. change
in - electron - concentration (dn/dt) and hole concentration (dp/dt) are
respectlvely glven by S ‘ BT )
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s (a> (b) ey

" Fig. 21 ' Carriér generation-recombination via bulk G-R centefs: (a)
S electron capture (b) electron emission {c) hole capture {(d)
hole emission. | ' :



145{:;

» where e ( p) is the electron ( ole) emission coeﬂiclents, ¢y (cp ) is the electren
h (hole) capture coefficient, ny is the number of ﬁlled G-R centers, pT is the

SR number of empty G-R centers.

Under steady-state condltlons, ‘we have )

or

.Aenep | .

G=—R=—T""""F——— (24) |

bR

o where G (R) is. desrgnated as the net generatlon (recomblnatlon) rate under |

S steady-state condltlons NT is the total number of G—R centers (NT
| The capture and em1ss10n coeﬂiclents can be related to each other by

icon81der1ng the semiconductor under equilibrium condltlons In equilibrium, .
the principle of detailed balance states that each fundamental process and its -

reverse must- self-bala.nce, ie, dn/dt = dp/dt = 0 Setting Eqs. (2.22) and |

o (2 2b) to zero, and. assumlng that the capture and emlssmn coeﬂiclents are the
-~ same in equlhbnum and nonequlllbrlum, one obtalns - '

: ‘(2-‘5a):‘ *
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, _ne(ET-E)/kT | o (2.62)
oy
and
E'r EETi kTlo(g) : | “ | (27)

’ ET is 1nterpreted as the eﬁ'ectlve energy level of the G-R centers mcludlng the
degeneracy factor g associated with the centers [64] T is the temperature 1n
: Kelvm and k is Boltzman’s constant,

,Substl_tutlng‘ Egs. (2.52) and (2.5b) into Eq. (2.4) gives

N : .. 2 _np . - | o
i by vy Wy ey, S o

,where =1 /NTc and Tp=1 /NTc are respectlvely the mmonty carrier llfetlme. ‘

j of electrons and holes [sec] ‘ , B _
By 1nspect1ng Eq (2.8), one can readlly confirm that carriers. ‘will be
generated when n >np. Recombination dominates if nl <np. In what
follows we will establish expressions for 7, and 7, under carrier deﬁclt and

[ 4
low-level carrier excess conditions, respectively.

Generation Llfetlme

- Under steady—state carrier deﬁclt conditions (n<< nl,p< pl), Eq (2 8)
31mphﬁes to :
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where
e=nma) tnme) (@0
Tg is mterpreted as the generation lifetime [sec] which chara.cterlzes the carrier

B generatlon rate, G, under the cited steady—sta.te condltlons

-Recombmatlon Lifetime

_ Under low-level carrier excess conditions (6n, )p<< n, n= n,), the
majorlty electron concentration remains essentially unchanged. In addition,
we assume the dominant G-R centers have an energy level Er located near
- midgap. Letting én = &p, one can then simplify Eq. (2.8) to obtain [64]

1;=,§P. . ' (2.12)

Tp.

Clearly;’ the minority carrier hole lifetime, 7, speciﬁes the recombination rate
R, and is equal to the recomblnatlon hfetlme 7, under low-level carrier excess .

- condltlons

Genera.l Surface Rela.tlonshlps

Havmg established expressions for Tg and T, one can follow a similar
approa.ch in analyzing the surface G-R via 1nterfac1al traps (also refe}rr_ed to as
sﬁrface states). . The major differences in the surface and bulk analyses are
~that the interfacial traps are typically distributed throughout the bandgap, as
illustrated in Fig. 2.2, and the change in carrier concentration is expressed as
per unit area instead of per unit volume. o :

- If we first assume that the bandgap at the interface contains surface
states of a single energy level Ery, then by analogy with the bulk analysis.
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(a) elect ron ahd,‘ (b)Y electron and

hole capture hole emission

~ Fig.2.2 = (a) Carrier capture and (b) emission via. interfacial traps.



s

Gy=—R,=—7 “p’ - (212)
| 0psNT5 (és-lnIS) + (ps+p1;) |

cnsNTs

- The qua.ntltles in Eq (2 12) are the same as those employed in the bulk "

. a.na.lysm except the added subscrlpt 's" denotes surface values

“In order to include the effect of multi-levels on the net rate of change in
~carrier concentra.tlons, we introduce Dyp(E) as the density of interfacial traps
as a function of energy within the bandgap at the interface. Replacing Ny, in
Eq. (2:12) by Dip(E)dE and integrating over the bandgap yields |

By _ B (o] "'vnsps)Dl'I.‘lE) .
,1' Gs-" —Rs '—‘E[\‘, (ns+nls)/ cpe + (ps'l'ple)/ Cns

(2.13)

| ‘Surface Generation Velocity | L o
| When the . surface is. depleted of ca.rrlers (ns—0, p,—0), Eq. (2.13)
mmphﬁes to R SO L

‘w‘here_' S : V
8¢ is mterpreted as the depleted surfa.ce generat1on veloclty [cm/sec] Using

the experunental lnformatlon that the capture coefficients and the surface
state denmty in the Sl/8102 system are approximately constant near mldgap_"_
[65—67], one can further s1mphfy Eq (2 15) to obtain ‘ |
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Sg,——— ‘2— [cnsqps\]l DITkT ‘ (2.16)
where it is understood that ¢4, and DIT are to be evaluated at midgap. |

Surface Recombination Velocity
" Under low-level carrier excess conditions (fng = dp, < ng,); we can
simplify Eq. (2.13) to read o T
R,=sp, e

where

dE (2.18)
Evl + 1s + ps Pis ' ,
S0 ns Dso

's]r deﬁned by Eq. (2.18) is the surface recombination velocity [cm/ sec] under
low-level carrier excess conditions. ng, is the surface electron concentration
under equilibrium conditions. -
Comparing Eq. (2. 15) with Eq. (2.18), one concludes that the evaluation
of s, is more complicated than sg since ng, depends on the degree of energy
band-bending at the surface ‘ '

2.2 MOS Lifetime Measurement Concepts

Assuming an n-bulk device, we herem introduce the basic MOS
measurement concepts involved in determining 1' and 7, under carrier deficit
and low-level carrier excess conditions. Fig. 2 3 depicts a typical high
- frequency C-V characteristic of an MOS-C maintained under equilibrium
conditions. The C-V curve includes three basic segments: . accumulation,
depletion and inversion. Cg is the oxide capacitance observed under
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depletion —
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" Fig. 2.3 Typical C-V charactenstlcs of an n-bulk MOS C under

equilibrium conditions.
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' accumulatlon conditions a.nd CF 1s the equlllbnum mversmn capacxta.nce
Corresponding to the inversion situation there exists an 1nver51on layer and an -
eqnlllbrlum.depletlon region, Wy, as depicted in Fig. 2. 4. The inversion layer
and the depletion region consist of positive hole charges and positive ioniied
1mpur1ty donors, respectively Given an ideal dev1ce, the combined positive
‘charges within the semlconductor balance the ‘negative. charges on the metal
gate. o

2.2.1 "Reverse-Bias" Measuremerits

If the gate voltage of the MOS-C (originally set at Vg, in Fig, 2.3) is
- momentarily pulsed or swept rapidly to Vg2, no inversion layer can be formed

due to a lack of minority carrier holes inside the semlconductor Instead, the

~depletion region W expands to a larger value (W > W) so that the charge
placed on the metal gate is balanced solely by the resultant exposed ionized
donors. The MOS-C is sald to be deeply-depleted. Recall that if a.PN
a Junctlon dlode 1s reverse-blased its depletlon width also 1ncreases Thus, by
' analogy, one can state that pulsmg or sweeping  the MOS-C into deep-, .
, depletlon is equlvalent to reverse-blasmg the structure. The consequence of
reverse-blasmg 1s that there exists a carrier deficit condition inside the deep-
depletion region. Consequently, carrier generation takes place Thls is
pictured in Fig. 2.5. The generation current IGEN is related to 7, and the
' eﬂ'ectlve generatlon width Wq by ‘ S

Igmy @ — B 20

As generation continues, the generated holes are swept to the interface"
and an inversion layer is gradually formed. Correspondingly, the depletion
region decreases. Hence by momtorlng Igen. or Wg, Tg Can readily be deduced.

- As will be detalled in Section 2. 3 one typlcally monltors the capacltance, Wg
isa capacltance-related quantlty :
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- Fig. 2.5 Major bulk carrier generation component inside a "'rg'vét",:s__e- :
o biased" MOS-C. s



$2.2.2 "Forviard-Bias" Measurements '

If carrler deficit condltlons are created by reverse-biasing an MOS-C, then
it is reasonable that carrier excess conditions can be initiated by simply
forward-blasmg an MOS-C. The action of forward-biasing can be 1nduced :
for example, by sweeping the gate voltage from inversion toward less -
inversion.. As depicted in Flg 2.6, holes are m_]ected into the qua81-neutral

‘bulk and depletion regions where they recombine with the ma_]orrty electron
carriers.  Paralleling the analysis of a forward-biased PN junctibn' diode,
’recombmatlon arising from the qua81-neutral reglon, commonly referred to as
the diffusion current Ippy, should domma.te at large forward-biases. The
: dlﬁ'uswn current is related to Tp by ‘

Cohma——( -y @20)

where V is the effective forward-blas voltage inside the MOS-C. Recall that
the minority carrier hole hfetlme is equivalent: to the recombination lifetime
‘(1' =7p) under low-level carrier excess conditions. As will be shown in Chapter '
5; IpFr and. V., can be related to the voltage sweep and capacltance,
respectlvely, thus. 7, can be deduced from forward-blas . MOS-Cr
measurements. . ‘ ‘ | |

2.3 Standard‘ MOS-C C-t Transient Analysis - |
As detailed in Chapter 4, modlﬁcatlons of the standard C-t technlque are
1ntroduced for extracting 7, and s;. The techniques build on the standard
MOS-C C-t transient measurement Understa.ndably, when a given technique
is being modified, the mathematical expressions which describe the orlgmal' :
- technique are accordingly altered. - It is therefore logical to present a
: condensed formahsm of the standard C-t transient analysis. DR

.~ The standard C-t measurement is basncally performed by pulsmg an
’ ,MOS—C ‘into ‘deep-depletion, -and recording its. subsequent C-t transmnt_

response. Fig. 2.7 depicts a typical C-t transient characteristic; assuming that

the MOS-C 'is initially biased into accumulation. The deep-depletlon
, capacltance C and the inversion hole charges Qp are related by [68] ‘
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" 1Co | Ve — Vrp Qp |
Col_,. ’ | ,
[Gf-1sYerVm, & e

‘where C, is the oxide capacitance per unit area (C, = Co/Ag), VF]; is the flat
band voltage, Vg is the applied inverting voltage, and V,, is a defined constant

- _given by

qKSxo ND

2K06 , (2.22)' |

0"_

Ky is the dielectric constant of silicon d10x1de, K is the dielectric constant of
sﬂlcon, xo is the oxide thickness and Ny, is the net doping concentration.

" Taking -d/dt of both sides of Eq. (2.21), and since dVG/dt 0 a.fter '
t=0+ (Vgi 1s a constant rlght after the the step voltage is applied), one obtams .

_qlce d o
=4|Cof___1.4% 4
& | C C.V, dt f

» Fig. 2.8 identifies different carrier generation components within the
~ deeply-depleted MOS-C. Component 1 is the bulk generation inside the
depletion region, and is characterized by 7. Component 2 is the lateral
~ surface generation around the gate periphery, and is characterized by s;. Both
components 1 and 2 are W-dependent quantities. Components 3 and 4 are
respectively the gated surface generation and quasi-neutral bulk generation.
These latter components are W-independent quantities, are typically negligiblé
at room temperature conditions, and are usually combined and characterized
by ser — an effective surface generation velocity. The minority hole carrier
generation rate, de/dt, is related to the cited generation components by

[33 34,68]

P WG+aneﬁ (229
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' depleted MOS-C. Component 1 is the bulk generation
inside the depletlon region, component 2 is the lateral
depleted surface - generatlon, component 3 is the ga.ted
~ surface generation and component 4 is the qua31-neutral
E bulk generatlon - ‘ : -
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The first two terms on the right hand side of Eq. (2.24) are the generation
contributed by components 1 and 2, respectively; the last term represents the
combined contribution by components 3 and 4. P /Ag is the perimeter to gate
area ratio and Wy is the effective bulk generation width. |

- Substituting Eq. (2.23) into Eq. (2.24) and reorganizing the result, one
obtains -

d |Co | Ko 1 |[m
B T e “We +n 2.25)
i |C ]’ Ks xNp |77 © 1 o (229)
where
o | T
(2.26)

T, = g
* T 1+78P/Ag

'

7g is known as the effective generation lifetime.

-  The effective generation width, Wg, is usually a,pproximated by W — Wy
(as first suggested by Zerbst [30]). Moreover, W is related to C by [68]

. K, Co ’ ‘
W= ‘ngo < 1 B (2.27a)
and
Ko [Co
Wp="T"x|—"—"-1 2.27b

Thus setting Wg =W — Wy and substituting Eqgs. (2.27a) and (2.27b) into
Eq. (2.25) yields '



(2.-25) |

Clearly; if one appropriately manipulates the C-t data and plots N
- —d(Cp/C)?/dt versus Cy/C — 1, one can readily extract the lifetime from the
: 'slope of the plot ThlS w1dely-employed plot is commonly referred to as the -
- Zerbst plot. v o
Finally, it should be emphasized that the lifetlme parameter extracte'd
from the Zerbst plot is typically an effective generation lifetime (7, g) The true _
generatlon lifetime 7, is obtained only when 7,s,P/Ag <<1 (see Eq. (2. 26))
As a result, well-annealed MOS-C’s with large dimensions (making sg and
P/Ag small respectlvely) should be used for measurements i in order to extract ‘

the true Tg

-'_:"2 4 Summary

In this chapter, the SRH theory of generatlon-recomblnatlon has been-' |

b brleﬂy reviewed. Expressmns for the generation lifetime; the surface

: generatlon velocxty, the recombination lifetime, the surface recombmatlon
velocity, and their relationships to the G-R rates have been established. Also
~ included in' this chapter are the basic MOS-C measurement concepts for
' determmmg Tg ‘and 7. We 'llkew1se reviewed  the standard C-t transient
~“analysis, thereby formmg a a base for future modifications. Finally, it should
be mentioned again that the research work focuses on the experimental

determmatlon of generation hfetlme and surface generation velocity underl )

~ carrier deficit conditions; and recomblnatlon hfetlme under low-level carrier
excess condltlons ’
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' CHAPTER 3
TEST STRUCTURE FABRICATION
AND MEASUREMENT SET-UPS

Th MOS-based test structures employed for G-R parameter
measurements consisted of MOS-Capacitors (MOS-C) and Schottky-Drained
Gate Controlled Diodes (SGCD).” In this chapter the general processing
techniques for producing the test structures are first reviewed. These include
wafer clean-up, oxidation, phosphorus gettering, metallization, post-
metallization anneal, pattern definition, sawing and bonding. It should be
mentioned that, although the techniques employed in this work are common
processing routines, appropriate modifications had been made over the course
of -the research work in an effort to fabricate test structure with a long
generation ' lifetime. The fabrication procedures, processing history _and'
pertinent physical characteristics of the test structures ‘are summarized
following the general overview of processing techniques. The presentation
includes information on an infra-red (IR) multibounce test structure which
was developed for free carrier infra-red absorption measurements. Finally,
three basic measurement set-ups, which were utilized for obtaining the
capacitance-voltage (C-V) characteristics, the capacitance-time (C-t)
characteristics, and the voltage sweep-capacitance characteristics, are-
described.

3.1 General Processing Techniques

All test structures were fabricated on n-type silicon substrates using. the
~fQ‘llgwing processing techniques.

Initial wafer clean-up: All wafers were cleaped with either cleaning
procedure #1 or #2, as listed in Appendix A.l, to remove organic and
inorganic contaminants which might possibly adhere to the wafer surfaces.
Improper cleaning will inevitably lead to a disastrous leaky oxide that is
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'g_royvu'on the substrates during subsequent oxidation. As a rule of thumh to
_ensure proper cleaning, the wafers should be completely pulled dry from the
- DI (deionized) water in the last step of the cleaning procedures.

-~ Ozidation: Following the  initial clean-up step, - the wafers were
_immediately subjected to oxidation to avoid further contamination. Oxidation

o -was performed in a Tempress 4" furnace tube maintained at 1100 °C. The

' Wafers were ﬁrst loaded and pushed to the center of the tube in ﬂowmg N2,
and were allowed to temperature stabilize for 5 mmutes The N, gas flow was
vtermmated and the O, source gas was admitted. The wafers were then dry
oxidized at 1100 °C for various perlods of time to achieve an. ox1de thickness
of e1ther 0.1 or 0.2 pym. Followmg the oxide growth, an in situ 10 mlnute N,
-anneal was performed at the same temperature so as to reduce the number of
fixed oxide. charges (Qy) associated with the oxidation [69]. Upon completion,
there should be no observable spotted oxide on the wafer surfaces if they were
f_properly cleaned prlor to oxidation. -Procedural detalls of the oxxdatlon step is
‘ glven in Appendxx A2 : N

Phosphorus Gettering: All gettermg steps were performed at 850 C usmg

Ca Tempress 4" furnace tube. After the wafers were loaded and pushed to the =

‘ center of the tube in N, they were allowed to warm up for 3 minutes with
~'both N, and 02 gases flowing. The phosphorus oxychlorlde (POCI;) source
gas-was, admltted for a total of either 4 or 20 minutes during which the actual .
phosphorus ‘deposition, and getterlng action, took place. The phosphorus
: entermg the backs1de or the unpolished side of the wafers (w1th the back oxide
removed in advance) formed an n* /a region for ohmic contact, -and also _
_‘vgettered metallic impurities from the bulk substrates [70] — thus i increasing
the generatlon lifetime. In addition, phosphorus deposited on the front51de of

- the wafers diffused into the silicon dioxide to form a layer of phosphosﬂlcate '
. glass (PSG) which, in turn, gettered the sodium ions (Na*) from the remalnlng

- oxide layer — thus stabilizing the SiO, [71 72]. Sl_nee the test structures were
_ not 1o be subJected to - blas-temperature tests, the polarization problem
Vassoclated with the PSG was of no concern [73]. Consequently, the PSG in
~ the gate ox1de was left in place for all wafers. - Details of the ';*"gette‘ring' :
procedures are outhned in Appendlx A. 2 » 4 ' ', . o >
Mctalhzatzon Allummum was used exclusxvely for - metalhzatlon All
wafers described herem, except one, were metallized using the. Perkln-Elmer»
-2400 sputterlng system. The system consists of mainly an aluminum target
(together with some other material targets) and a movable substrate plat_forr_n, ,
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-all enclosed in an vacuum chamber. The detalled procedural aspects of the
sputterlng system are given in Appendix A.3, and are summarized as follows:
After the vacuum chamber of the system was unsealed, the wafers were placed
‘onto the center of the platform. The chamber was then resealed and was
pumped .down into the low 10~ =7 torr range. The time for pumplng down the
system typlcally lasted for at least 4 to 5 hours. Following the pump down_’
perlod a.rgon (Ar) source gas was admitted until a steady pressure of about
. 6-7 mtorr was attained. The substrate platform was then rotated away from

the’ alumlnum target, and the surface of the target was pre-cleaned using a
procedure known as pre-sputtering. ThlS involved bombarding - the targetv '
with Ar 1ons originating from an excited plasma. The input power to the
plasma was 300 watts, and the pre-sputtering time was 10 minutes. Followmg
, pre-sputterlng, the power was reduced to 100 watts and the wafers were: then
- exposed to the plasma for 30 minutes. during which aluminum was sputtered
onto the substrates Typical thlckness of the aluminum layer Wwas on the
order of 3000 A. o ‘

“ As 1nd1cated prevrously, the metal on one wafer (wafer J24) was dep051ted
usmg a “second system, the NRC- 3114 vacuum system. In this system,
alummum is evaporated from a resistance heated, low-alkali tungsten filament
after the system attains a base pressure in the low to mid 1077 torr range. '

A ﬁnal note: the sputtering scheme is a much cleaner deposxtron process '
than the evaporation method.. For this reason it was chosen as’the major
| _meta.lhzatlon procedure for wafer processing. Although an 1ncreased amount :
of interfacial traps were created due to the radiation associated with
sputtering, the interfacial traps were usually annealed out by a subsequent
» procedure known as post-metallization annealing, whlch will be descrlbed

next. L _ v ’ 7
_ Post-Metul’lization Anneal (PMA): PMA was performed for metallized
: Wa.fers'using a Tempress 4" furnace tube. All wafers were annealed in N, at
450 ° C for 30 minutes. With regard to the MOS-C, the PMA can effectively
reduce interfacial traps located at the Si—SiO, interface [74-76]. For the
- SGCD test structure, it also ensured the formation of a good Schottky contact
_between the aluminum and the n-type substrate [77]. ' :

, Pattern Definition: Patterns were defined using photohthographlc
techmques Specifically, AZ-1350J positive photoresist and KTI 747 negative
photoresist were respectlvely utilized for the MOS-C and SGCD test ‘
structures The procedures of applylng the positive photore51st (henceforth
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_31mp1y referred to as remst) mcluded ﬁrst of all spmnmg a layer of resmt on .
‘the frontmde of the wafers at 4400 rpm: for 40 seconds A 10 mmute, 90 °C-

* soft-bake was then performed S0 as to harden the resist. The wafers were next -

'b.transferred to the Kasper 2" mask ahgner and were exposed to UV -
illumination for 1.5 minutes, followed by developmg in AZ Developer for 60

o "seconds After a subsequent 60 second rinse in- DI water, the wafers were,“.

e 'blown dry m N2 and again hard—baked at 110 C for 10 mmutes prlor to

- " alummum etchmg

‘ Usmg posmve resmt as a protectlve mask the actual MOS-C gate.

' 'patterns (1 e., the aluminum patterns) were defined through the use of an

. aluminum etch solution. The solution. consisted of 760 : 30 : 15 : 50,
’ - HzPOy: HNO3 CHaCOOH H,0.- -Excess. alumlnum etchmg solution was

removed by rlnsmg in DI water, and the resist was removed with-acetone.

The apphcatlon of negative resist was- similar to that of posmve re31st'

R “The negatlve resist was ‘'spun on the . wafers at 300 rpm for 40" seconds

‘ followed by a 10 minute, 85 °C soft-bake However, the UV exposure time
- 'was. merely 30 seconds The wafers were then developed in KTI. Developer i
,solutlon for 90 seconds, and rinsed in KTI Rinse I solutlon for another 30"
seconds. The wafers were then hard-baked at 110 °C for 10 m1nutes

o :-Schottky contacts of the SGCD were deﬁned using the buﬁ'ered HF 8102 etch -

o whereas alumlnum patterns were. deﬁned using the alummum etch prev1ously

deseribed. It should be noted that negat1ve resist requires more attention to

T v .'detall than the positive resist. A careless prolonged baking, or a. change in

bakmg temperature, for example, may later result in an mcomplete removal of v
-the resmt ' SR ' '

Sawmg and Bondmg Upon “the completlon of fabrlcatlon, all test
§ "structures were separated by sawing the wafers with the. Tempress dicing saw

N 602 system 'All wafers were first coated with a layer of positive resist (spm

R 'but no baklng) pr1or to sawmg, ‘which protected the test structures from ﬂymg

a0 vdebrls durmg the sawmg ‘process. - Wlth regard to the. actual sawmg, the _

,wafers were sawed in such a- way that the depth of the. sawmg was. about half .
. _- the wafer thlckness A.fter removing the resrst _the wafers were . rmsed in DI"

- water, blown dry in Nz, and then carefully broken into-. 1nd1v1dual dev1ces '

‘ *Dependmg on structural sizes, each test structure was then elther mounted on

~a TO-5, TO-6, or ‘TO-8 header ‘with silver epoxy heated at 110 . * C for at’ least R
1 hour and 15 mmutes Fmally, ‘contact wires made of alummum ‘were

- ultrasomcally bonded from the test structure to the header posts SR
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3.2 Test Structure Summary

' MOS-based test structures were fabricated on wafers which =in¢1uded 4"

3-5 ohm-cm (100)-oriented, 2" 2-3 ohm-cm (100)-oriented, and 2" 3-5 ohm-cm

"(111)-oriented one-sided polished n-type silicon substrates. The thickness of
the 4" and 2" wafers were about 550 and 255 pm, respectively. The 4" wafers
‘were high quality float zone solar cell substrates and they were scribed into
quadrants prior to processing. The 2" Czochralski-pulled wafers were used for
comparison purposes and were processed as a whole substrate. The _wafers
used.-in" fabricating the IR multibounce structures were 3", 200 ohm-cm,
(100)-or1ented two-sided polished n-type silicon substrates with a thickness ‘of
350 ‘um and a primary flat in the <110> direction. Relevant -processing
hlstory and -pertinent characterlstlcs of all wafers are summa.nzed in Table -
S 31 ’ Ry

- 3.2.1 MOS-Ca.pa.cltor (MOS-C)

The conﬁguratlon of the MOS-C is shown in Fig. 3.1. Dlﬂ‘erent pattern
suzes of the ring-dot 'structures were used for generatlon-recomblnatlon'
measurements In all measurements, the ring was connected to the electrlcal
ground to suppress lateral surface eﬂ'ects while the dot was subJected to
‘various blases ‘

~In’ fabricating the MOS-C, the wafers were first cleaned and ox1d1zed

usmg the procedures described in Subsection 3.1 and Appendix A. The =

backside oxide was then removed with buffered HF and the wafers were
recleaned uslng cleaning procedure #3, as outlined in Appendix A.l. The
wafers were then subjected to the gettering step which was prev1ously
described and detailed in Appendix A.2. Next aluminum was deposited on
‘both sides of the wafers, followed by a PMA. After the PMA, the metallized
wafers were pre-baked at 110 °C for 10 minutes. A layer of positive resist’
was spun on the backside of the wafer, followed by a hard-bake at 110 °C for
10 minutes. This extra photoresist step was utilized for protecting. the
backSLde metallization from the subsequent aluminum etch. One then defined
the MOS-C gates using the aforementioned positive photolithographic process.
Finally, both the frontside and backside resists were removed with acetone.
After several rinses in DI water and blow drying in Nj, the wafers Were sawed

mounted and tested.
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f Drain area is deﬁned as one-hall’ of the Sclnouky-relal.ed MOS C area.
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s 2 Schottky-Dralned Gate—Controlled Diode (SGCD)

The general conﬁguratlon of the SGCD test” structure is plctured in F1g
3.2, The structure actually consisted of a standard MOS C located next to a-
: Schottky diode Wh1ch had an extended MOS-region. The separation between =
“the dlode and the MOS- C Was 10 ,Um Its operational ~principle ;Will be "

o -detalled in Chapter 4.

The fabrlcatlon of SGCD test structures Were exactly the- same as that of '

:“.MOS c’ s up to and 1nclud1ng the getterrng step -After getterlng, however, the
. Schottky contact openings were ~defined using the negative photoresist -
- 'procedures listed in Appendlx A4 As part of this step. the wafers ‘must be

B -,.-‘1nspected with a’ microscope to ensure. that the 8102 W1ndows were properly -

etched down to the Si substrates. With the negatlve resist removed by
'nophenol alumlnum was depos1ted on both surfaces of the wafers and the -

Wafers Were annealed usmg PMA procedures - After . deﬁnlng the SGCD - .

‘ negatlve res1st patterns on the fronts1de, an additional layer of resrst Wwas spun
‘on the: backside of the wafers prior to the hard»bake The hard-bake was then =
‘carried out at 110 *C for 10 m1nutes W1th the backsrde properly protected o
_the SGCD alum1num patterns were next ‘defined using the aluminum etch.
: '__j‘The negatlve ‘resist ‘was subsequently removed W1th nophenol and the test
- structures Were separated by saW1ng SR ~ '

3 2 3 Infra-red Multlbounce Test Structure

_ The cross-sectlonal view of an IR multlbounce structure, together W1th an

: IR probe beam and an excitation beam, is: dep1cted in Fig. 3.3 (a). The top -
" view of a ‘complete test structure. ‘pattern is illustrated in Fig. 3.3 (b). The
~most’ d1st1ngu1sh1ng feature of the test structure -is the pa1red V-groove
openings (WlndOWS) which facilitate the 1ntroductlon and extraction of infra-

~ red.probe hght into and from the substrate Free carrier concentrations in the

_substrate - are modulated either: by the gate voltage or the excitation - light
B 1nc1dent on the back of ‘the wafer. “The rectangular V-groove -windows are
' patterned perpendlcular (or parallel) to the <110> flat of the substrate
iSeparatlon between the WlDdOWS ‘varies from. 0 5 to 5.0 cm. The s1x-pa1red
rectangular MOS Cs have a large area of 05x0 135, 1.0x0.135, 1.5x0.135,
2.0x0.135, 4.0x0.135 and 5. OXO 135 cm? A large metalhzatlon area is provided
'{for electrlcal groundlng purposes. . 2x2. ‘mm® MOS-Cs were also fabrlcated on
: the same substrate for supplemental measurements '
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IR multibounce structures were fabricated (wafer IR1) using the following
~ processing techniques, which were similar to those described in Section 3.1
except for the anisotropic V-groove etching. The wafer was first cleaned using -
procedure #2, and was wet oxidized in a Tempress 4 " furnace tube at 1100
* C to achieve an oxide thickness of about 0.4 ym. This oxide layer was later

used as. a p‘rotective mask during the V-groove etching. One of the two '

poliéhed surfaces was chosen as the front-side on which V-groove windows
were deﬁned After patterning a negative resist on the front-31de, the back-
_ srde Wa.s protected with another layer of negative resist. The wafer was then
subJected to buffered HF etch in order to open the SiO, windows. Wlth the
resnst removed the V-groove etching was subsequently. performed The
_Vamsotroplc etchmg solution consisted of 8§ ml : 17 ml : 3. g of DI :
ethylenedlamme _pyrocatechol and must be freshly prepared each time prior
to the beginning of the etching process. The etchants were first agltatlvely
mlxed and then poured into a beaker containing the wafer with the SiO,
pa.tterns facmg upward. The beaker was next covered with a teflon petri-dish
so as to retain the composmon of the highly volatile solution. The" solution
was gradually heated up to 95 ° C, which was monitored with a teflon-coated
thermometer. The etch rate of the (100) Si : SiO, was about 50 um/'hr 200
A/hr [78] A sa.mple of a partially etched V-groove window is pictured in Fig.
3.4. Followmg the V-groove etching, the SiO, layer was removed; and a new
high quality SiO; was grown using dry oxidation. After the oxide growth the

" wafer was held with a tweezer and the bottom part of the wafer was dipped

mto buffered HF. This procedure exposed a large Si surface which was later
to serve as an electrical ground. Following the HF dip, the wafer was
subjected to phosphorus deposition during which an n*/n ohmic contact was
formed and the SiO, was stablized. It should be noted, however, that the bulk
substrate was not and could not be properly gettered without affecting the
-back-side surface. Finally, the front side test patterns were then deﬁned
_ photohthographlcally

K 3.3 Measurement Set-ups

 Three types of measurements were conducted on MOS-based test_
structuree yielding either the capacitance-voltage (C-V) characterlstxcs, the
capacitance-time (C-t) characteristics, or the voltage sweep-capacitance data
‘under dark or illumination conditions. In order to facilitate the measurements
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" An SEM photograph of a partially

etched 'V;g'fOOVé windoﬁ
- with different magnifications. ' Co
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and to eliminate possible surface damage associated with frequent direct
pljobiqg, all of the test structures were mounted and bonded on TO-headers -
prior to testing. During measurements, the header was inserted and enclosed

“in a- 'hght-tube test fixture pictured in Fig. 3.5. The fixture was made of

brass tubing equipped with BNC connectors and a N, line. An adaptor, A
equlpped with an adjustable slit and a filter holder, was specially built for the
fixture.  This arrangement thus allowed one to perform electrical
measurenients on a given test structure surrounded by a moist or dry N2,
_atmosphere and under dark or front-side illuminated conditions. W1th regard
to the illumination sources, either an incandescent lamp or a hlgh intensity
Dolan-Jenner 170-D illuminator was used for the measurements. The
mcandescent lamp and the illuminator was driven by a 118V constant voltage. -
tra.nsformer and a Sorensen QB18-12 dc power supply.

All -electrical data were obtained through the use of three basic
measurement set-ups.  Specifically, we employed an Helwett-Packard
automated system for most of the C-V and C-t measurements. The system,
Whlch is. 1llustrated schematlcally in Fig. 3.6, consisted of an HP-98035A real
time clock for providing a time base reference, two LCR bridges
(4274A/4275A) for biasing the test structure and measuring the capacitance,
and a HP-9845B desktop computer. The utilized measurement s1gnal of the
4274A and 4275A bridges were respectively 100 kHz and 1MHz at 15 mV rms.
(Hlstorlcally, the 4274A bridge was installed first and provided a maximum -
test frequency of 100 kHz. The 4275A bridge, on the other hand, has a
maximum test frequency of 10 MHz) Two BASIC programs, CVPLOTf and:
CTDATA were used for computer collection of the C-V and C-t data. The
data were then downloaded, using UNIX6!, to the Engineering Computer
Network for convenient data manipulation. |

~ Additional ‘C-V and C-t data were also obtained from another self-
contained measurement set-up — the MSI system, which is pictured in Fig. 3.7.
This system includes several units, two of which were employed in this work;
namely, the model 868 capacitance bridge/sweep generator and the HP-7015A:
XY recorder Originally, the sweep (or ramp) generator had a continually
adJustable sweep rate of 2.5 mV/sec to 2.5 V/sec. It was subsequently
“modified by this author so that sweep rates as high as 25 V/sec. could be

T The. CVPLOT and UNIX8 software were written by J. A. Shields [88]; CTDATA was
written by the author using Shields’s software formats.
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attained by simply using an added-on external switch, thereby keeping the
“original sweep rates unchanged. The capacitance bridge supplied a 1 MHz, 15
mV rms, ac measurement signal which was superimposed on the dc vdl‘téﬁ’gﬁe
prov1ded by the sweep generator. C-V measurements were either conducted
manually, in a point-by-point manner, or automatically using the sweep
generator. One can also record C-t measurements using the built-in x-axis
time base of the xy recorder. The MSI system was, however, niaihly 'émployed
for. obtalmng the voltage sweep-capacitance data under dark condltlons In
this a.pphca.tlon, the sweep voltage was sampled perlodlcally as a functlon of
time with a Keithley 175 DVM. The sweep rate, R—dV/ dt, was calcula.ted
' from the sampled values. The capacitance, in response to the sweepmg actlon,
'was read dlrectly from an LED ca.pacltance display. The accuracy.of the
capacltance, which greatly influenced the subsequent analysis ‘of the swéep-
capaclta.nce data, was improved by employing a user-supplied capacltance box
- connécted to the capacitance offset of the MSI system.

A more sophisticated set-up, which was utilized solely for the sweep-
capacltance meéasurements under illumination conditions, is illustrated

- schematlcally in Flg 3.8. Basically, the set-up utilized the existing BIO-RAD .

Polaron S4600 DLTS system to achieve an accurate capacitance: measurement
As shown in Fig. 3.8, a trlgger signal was -used for synchronous purposes; the
saw-tooth sweep -voltage and dc biases was supplied by a Wavetek waveform
Tgenerator and a Healhkit IP-27 ‘dc source, respectively. The capacitance
_response, measured by a Boonton 72B capacitance meter w1th a key-in
capaclta.nce offset capability, was fed to a DLTS signal processor The
processor. then measured the capacitances specified by the two corresponding
time windows, and outputted a voltage which was' proportional to the
'capaeiteﬁée difference. The basic idea of the measurement will be explained in
‘Chapter 5. ' ' ’
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CHAPTER 4
_ MODIFIED TECHNIQUES FOR DETERMINING Tg 'AND Sg

~ One of the research objectives was to determine the carrier generation
parameters in silicon solar cell material using MOS-based test structures. The
_parameters included the carrier generation lifetime (7,) and surface generation
velocity (s;); which respectively characterize carrier generation within the
carrier-depleted bulk substrate and at the SiO, /Si interface. In this chapter,
we describe and illustrate a photoaccelerated MOS-C C-t transient
measurement technique [79] for determining 7,. As the name implies, the
method is actually a2 modification of the conventional "standard” C-t technique
which had been introduced and reviewed in Chapter 2. However, the
" photoaccelerated technique allows one to drastically reduce the transient time
~ through the use of illumination, and hence rapidly deduce 7,.  This is
1mportant in dealing with solar cell material because of the typlcally long
carrier lifetimes. Following the 7, measurements, we explain and demonstrate
. the utilization of a new test structure — the Schottky-drained gate—controlled
diode (SGCD) [80], which enables one to easily determine s, by simply
measuring two C-t transients. Flnally, the chapter concludes Wlth a summary.

4.1 Photoaccelerated MOS-C C-t Transient Technique [79]

As noted in Chapter 1, the standard C-t transient technique is one of the
most widely-used techniques for extracting 7,, and was employed as a major
measurement method in this work. Its data acquisition scheme is computer-
 automated, and its measurement procedures are straightforward — after
enclosing the MOS-C in a dark environment, one then simply applies a
depleting step voltage to the MOS-C and records the subsequent C-t transient
response. The time response depends directly on how rapidly the carriers are
thermally generated via generation centers. Consequently, a major problem
with this technique is that, as the generation lifetime approaches the
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,milllsecond range (i.e., the thermal generation rate is slow), the tranSIent can
be quite lengthy in duration. To circumvent the long transient problem, and
‘to retain the advantage of the C-t automation, the measurementis slightly -
~ modified by 1ntroduc1ng photogenerated carriers inside the MOS-C through
the use of 1llum1nat1on The measurement theory is detalled as follows

: 4 1 1 Mea.surement Theory

S The effect of front-side lateral illumination on the carrier generatlon in an
n-bulk MOS-C is depicted in Flg 4.1. ‘Under the illustrated situation, the
photogenerated: minority hole carriers located within one diffusion length of
the deplet1on region are collected under the gate of the MOS-C.  The
correspondlng C-t trans1ent response is, therefore, not only due to the
‘ thermal-generated carriers but also due to the photo-generated carriers. As a
result, the light-on C-t transient is expected to be short compared to the
: hght—oﬂ' (dark) C-t transient; hence the name "photoaccelerated"” C-t trans1ent

Parallehng the Zerbst analysis of the C-t data reviewed in Chapter’ 2
W1th the ‘MOS-C 1llum1nated and assuming the lateral surface eﬁ'ects have
been m1n1m1zed one must modlfy Eq. (2 25) to read | '

e o B _, Ko

‘Where G is the photogeneratxon rate, and the other symbols have thelr usual
meamngs as defined in Chapter 2. ' :

_WG + seﬁn + G V (4.1)
; '5 .

The lateral front-side 1llum1nat10n may ‘possibly - glve rise to a G |
exh1b1t1ng a time dependence related to WG(t) Taking G to be a general ‘
‘ functlon of Wg and expandmg G (WG) in a power series, one then obtalns o

iFor a glven experlmental condltlon, G and ')' are constants S‘peciﬁcally',i ( ; _
is a function of the incident light 1nten51ty "t " indicates the possrblhty,

S _of hlgher-order W terms 1n the expansmn Substltutmg Eq (4 2) into Eq.
g (4 1) ylelds § : : . |
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B ‘Eq (4 3) is the equatlon used to construct the Zerbst plot w1th WG o
Cp/C —1, as reviewed in 'Chapter 2. As deduced from Eq. (43),
. photogeneratlon will always increase the extra.polated Y-axxs 1ntercept on a
Zerbst plot. It could also increase the linear region slope and even give rise to
a totally non-hnear plot If, however, higher W¢ terms are negligible and

n; /1' >> ’7G°, only the extrapolated Y-axis intercept will be aﬁ’ected This

_ latter situation has been the rule in measurements performed on MOS-C’s in
* our laboratory. Assummg that n; /7‘ >> ’)'G and the hlgher-order WG terms.
: are neghglble, We can s1mphfy Eq (4. 3) to ‘ :

.d Co
dt[ T2

CFI
-C

CF Tg'

03
| (49)

In rewrltlng Eq (4. 4) we have expressed WG in terms of capacltances for »

= jthe purpose of- constructing the Zerbst plot.: Comparmg Eq. (4.4) with Eq :

(2. 28), one notes that the only difference between the light-on and hght—oﬂ'-
Zerbst plot will be an increase in the: extrapolated Y-a.xls 1ntercept due to G
Consequently, if the assumptions leading to Eq. (4.4) are met, Tg can be
~ extracted from a Zerbst plot constructed from the photoaccelerated C-t
_ transient. Fmally, it should be noted that the 1nver51on capacitance, Cp, in
"Eq. (4. 4) is. the value obtained under light-off condltlons The effective -
: generation width, WG, is slmply W-—-WF (Whlch is proportlonal to CF /C - 1) ‘
 whether the hght is on or oﬂ' ' : o o
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4.1.2 Experimental Results

‘To’ demonstrate the feasibility of the photoaccelerated C-t technique,
ring-dot MOS-C’s (wafer D5) were fabricated and tested under various
illumination conditions. The relevant processing history of wafer D5 was
given in Chapter 3. The MOS-C under test was enclosed in the 'light-tub"e
fixture with a dry N, gas flowing in and out of the fixture for all
measurements This precaution was taken to reduce the possible 1nﬂuence of
lateral surface effects [81-83] on the 7, measurements. An 1ncandescent lamp,
drlven by a constant voltage transformer, was employed as the light source.
Dlﬁ'erent light intensities were attained through the use of neutral density
v ﬁlters In addition, a violet filter was used to ensure that the photogeneration
took place as close as possible to the MOS surface, and thereby reduce the risk
of perturbing the bulk minority carrier concentration. '

Fig. 4.2(a) shows the C-t transient measurements of test structure D5-1
recorded in the dark and under two illumination conditions. Notice from the
figure that the transient time was reduced by a factor of 7 at the higher level -
of illumination.. The corresponding Zerbst plots are shown in Fig. 4.2(b). The
plots exhibit the same linear slope to within experimental errors. Additional
measurements on another structure (D5-2) are displayed in Fig. 4.3, which
confirms the reproducibility of the photoaccelerated C-t technique. More
detailed analysis and deduced 7, values are summarized in Table 4.1. It
should be mentioned that a further reduction in the transient time could
readily be achieved using even higher levels of illumination. However, the
accuracy of the lifetime deduced from the Zerbst plot understandably
~ decreases — the Zerbst plots become unacceptably 'noisy" — with increasing
levels of illumination.

4.2 Measurements of s; Using the SGCD Structure [80]

The SGCD test structure consists of a standard MOS-C and an extended
Schottky diode (refer to Fig. 3.2). It is actually a form of gate-controlled
diode (GCD) [25] except that the PN junction of the GCD is replaced by a
Sch'ottky contact. A special feature of the Schottky diode is that it has an
extended MOS-area (Ap) located inbetween the standard MOS-C and the
diode itself. The threshold voltages (Vi ) are assumed to be the same for the
standard MOS-C and the Schottky-related MOS-C. However, no inversion
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Table 4 1 Summary of Tg Measurements Usmg Sta.ndard and |
- Photoaccelerated C t Techmques o

SR :Co:=53.'»67 pF o
D51 | Cp=2420pF |
Nb=1,90x1015cmf3

- .:slepe Tg (jzsec)

Dark | 00170 | = 1176.6

' L_igh,t,i_.. 0.01768 | . 1136.5 .

" |Light 2 | 0.0168 | - 11906

1o  Cy=53.21 pF "
D52 | Cp=2256pF
n ‘ND—l 37x1015cm

| slope ', 7o { #sec)

| Dark | 0.0461 | ' 642.3

- |Light 1| 0.0424 | 698.4

| Light2 | 0.0430 | 688.8
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charge layer could be formed underneath the Schottky-related MOS-C, since
the Schottky diode is also reverse-biased at the same time and therefore acts
as a minority carrier drain. The diode is herein referred to as the Schottky
" drain for illustrating its special effects on the lateral inversion charges of the
MOS-area. In contrast with the conventional GCD where one monitors the I-
V characteristics of the PN junctidn diode for determining sg the
‘measurement approach in using the SGCD is based on C-t transient
measurements applied to the standard MOS-C while the Schottky drain is
biased at Vp = 0 and Vp = Vp. The following subsection details the
measurement principle for determining s; using the SGCD structure. - ‘

4.2.1 Measurement Theory

. Fig. 4.4 (2) and (b) illustrate the major carrier generation components
contributing to the rela.xa.tlon of the deeply-depleted standard MOS-C when '
the Schottky drain is zero and V = Vi biased, respectively. With Vp =0,
the standard MOS-C and the Schottky drain are totally decoupled. The C-t
characteristics derived from the standard MOS-C is then of the usual form.
With Vp = Vo, the interface beneath the Schottky-related MOS-C is deeply-
depleted (because of the Schottky-drain action), and carriers are therefore
generated through the interfacial states located at the depleted surface. Due
to the symmetry of the test structure, and also since both the deeply—depleted
standa.rd MOS-C and Schottky-drain act as an infinite minority carrier sink,
exactly one-half of the generated carriers flow into the depletion region of the
standard MOS-C, as visualized in Fig. 4.4 (b). Obviously, the length of the
C-t transient exhibited by the standard MOS-C decreases. In addition, since
the Schottky-related MOS-C is already deep-depleted, pulsing the standard
MOS-C has no effect on the depletion-width beneath the Schottky—related
MOS-C. .

It should be mentioned that with VD > Vi (both are negative quantities
for n-bulk substrates), the surface is only partially depleted and the surface
~generation rate is not at its maximum. On the other hand, with Vp <Vr, the

_depletion width beneath the Schottky-related MOS-C extends beyond Wrp.
The extra bulk generation from the expanded depletion region contributes a
large lateral current to the standard MOS-C, thereby adversely affecting the s;
measurement. At Vp=Vrg, however, the surface is completely depleted and
the depletion width is relatively small; ‘hence the lateral bulk generation is at a
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minimum.
Assuming the bulk generation under the Schottky-related MOS-C is
negligible (which will be elaborated on later), one can rewrite Eq. (2.28) as

C n; C C -
4120 I | el 1 S B . (45)
“a | C Np || Cr |7 L C B

;Ko
2.———
* KSonD b

.n. A'
+2 IKO D }g

Ksx,Np {Ag

where A.]')-ls equal to half of the Schottky-related MOS-C area, since only oné-
half of the generated carriers beneath the Schottky-related MOS-C flow to the
standard MOS-C. As is obvious from Eq. (4.5), Zerbst plots constructed from
C-t transient data corresponding to Vp =0 and Vp = Vr should therefore
have the same linear slope but different Y-axis intercepts. One can equate the
§—intercept (i.e., the difference obtained from the two extrapolated y- -
intercepts) to the third term of Eq. (4.5) and thereby readily deduce s,. |

Ksx, Ag

n; Ko AD

Sg = —;— [5 1ntercept] ‘ ' | (46)

 As previously suggested, there is in reality a nonzero bulk component
from the Schottky-related MOS-C which should be accounted for in order to
" extract a more accurate s;. To quantify the bulk component, we utilize the
energy band diagram and the corresponding effective generation plot pictured
in Fig. 4.5. Pierret [84] argued that, when Vp = Vi, the effective generation
width underneath the Schottky-related MOS-C is approximately Wy — Wy as
depicted in Fig. 4.5b. W§ is the maximum equilibrium depletion width and is
~ doping dependent; Wy is the depletion width when E; =Ep at the Si/SiO,
interface. Notice that from x=0 to x=Wp—W] the generation rate is

. . n;
approximately constant and is equal to -T—l The bulk generation component
g ,
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Gp, which is proportional to —d(Co/C)?/dt, is approximately given by

y D B
Gp = ADT—l(WF -Wy | - (4.7)
g . ,
oA w1 - L
P Tg F Wg

Wy and W are respectively expressed as [69]

e r
Wy = |(kT/q) N 2Ur)| (4,-3#)' |
' /2 ‘ B
W= i [kT/Q) N (UF)]1 (4.8b)
| Thus " :
G = 0.293 WA o (4.9) :
Tg S 2

~ We note that the bulk generation component, Gg, of the standard MOS-
C in the SGCD structure is ’

Gg = (W — WpAg (a0
g | )

Let us perform a sample computatlon to gauge the relative size of GD Let WF

—06/.Lm,x —02,u,mandA = Ag/2. If we select Cg/C —1 =1, which
0 D F

K
corresponds to W — Wy = Wy + I—{f—xo = 1.2 um, then
' 0
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e ST v I

. 'Although not large, the'lateral bulk compon’ent cannot be neglected. _

, The foregoing sample computatlon understandably yields a percentage
error which depends on Wy, x, and AD Consequently the percenitage error
’ dlﬁ'ers from device to device with different physical characteristics. When
calculating the Sg parameter, one ‘has first to compute the percentage error for ‘
a given device (say, x%). Next, the 5—1ntercept is determined from the
- difference in Y-axis intercepts of the two Zerbst plots. From the Zerbst plot
with Vp =0, one then computes’ x% of the —d(Co/C)?/dt value at the
Cp/C—1 =1 point. A corrected 5—mtercept is obtamed by subtractlng the
evaluated error from the original 5—1ntercept :

4. 2 2 Expenmental Results |

- 'SGCD ‘test structures were fabricated on (100) 3-5 ohm-cm silicon solar

cell substrates (wafer J24) and also on (100) 2-3 ohm-cm n-bulk substrates 7
(wafer:O5) for comparison purposes. Wet N, gas and appropriate gate biasing
were used to couple the Schottky drain and the standard MOS-C by creating

~_ an inversion charge layer inbetWeen' the two structures. (The separation

.. between the drain and the M_OS-C was 10 um.) The Vp, biases were ‘obtained
thr_ough the use of a dry cell connected to a ‘variable resistance, thereby
,{'minjimiznin'g possible electrical noise interference on the C-t measurements. = -

 Typical I-V characteristics of a fabricated Schottky diode is shown in Fig.

’ ;4 6.  Fig. 4.7 to 4.9 illustrate the C-t transients and corresponding relevant
Zerbst plots of different test structures under various Vp biases. The deduced
Sg values and other pertinent para.meters are summarized in Table 4.2. Prior
to accounting for the bulk generation correction, the deduced Sg varied from

. Llto 2.7 cm/sec The subsequent correction gave g values from 1.02 to 2.4

cm/ sec, 1llustratmg that the bulk generatlon beneath the Schottky-related
MOS -C 1ndeed introduces a relative small correction. The sg Values obtained
from the SGCD structures. were typ1cal para.meters for well-annealed

structures [68]..



 Fig: 4.6 Sample I-V characteristics of an Al/n 'Schottky diode.
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X, =0.194 ym; Np = 2.17x10"° em™%; 7, = 90.8 psec; -
~ slope = 0.17.) ' T
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 (a) C-t transients and (b) relevant Zerbst plots at various
Vp biases for device 05-S. (Cq = 44.9 pF; Cy = 20.5 pF;
X, = 0.192 pm; Np = 1.82x10"® em™3; 7, = 173.1 psec;

slope = 0.12.) '
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Table .4.2:“ Su'm;:riaryt of »>sg; Measirrements. ;Using' ‘the SGvCD Test
' - Structure. ‘ So R

Device AD: | &intercept | Sg ‘Corrected | Corrected Sg |
& | (x107%em®) | “(em/s) | &intercept |  (cm/s)

| Je41 | 1250 | o410 | 28 0.370 24
| o5-L 1.250. | 0.074 | 11 | 0.068 |  1.02°
'05-8 0625 |- 0110 |27 | 0.080 | = 220
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, For the PN Junctlon GCD Plerret [26] has shown that the measured Sg
smaller than the true s, because weak inversion typically forms along a
-portlon of the MOS—surface as a result of the lateral current ﬂow Inev1tably,
the SGCD has the same problem. However, as with PN junction GCD
measurements, the s, value deduced is still of value for comparatlve purposes. .
Concermng the measured p it is interesting to point out that, because of
different fabrication processes, the generation lifetime of wafer J24 was only in
- the 100 usec range, which was much smaller in magnitude as compared to
that presented in the photoaccelerated C-t measurements. Finally, as a
potentially useful aside, we note that steady-state deep-depletion C-V
characteristics can be obtamed using the SGCD structure. This is illustrated
in Fig. 4.10, Unlike the PN junction diode, the Schottky diode cannot supply

minority carriers. Thus when Vp < Vg < Vi (n-bulk structure), the standard = -

MOS-C deep depletes. If Vg < Vp the depletion width beneath the standard
MOS-C pegs at the depletion width beneath the Schottky-related MOS-C and
the observed capacltance becomes constant.

4.3 Summary

‘In thls chapter we have described a photoaccelerated C-t transient
technique for reducing measurement time and hence rapidly deducing 7,. The
method is of particular interest in solar cell work where Tg in the 1 msec
‘range. The technique was subsequently demonstrated with MOS-C_ structures
fabricated on silicon solar cell material. We also introduced a new test
" structure — the Schottky-drained gate controlled diode. The SGCD allows
- one to deduce s; based on C-t type measurements. Experimental results were "
presented to 1llustrate use and application of the structure. Extracted s,
values were in the range of 1-3 cm/sec. The structure has a dlstlnct
advantage over the PN junction GCD in that it is only slightly more
complicated to fabricate and interrogate than a simple MOS -C. In addition,
the structure may be of special interest in probing semiconductor systems '
‘where PN junctions are difficult to fabricate or possibly in establishing -
steady-state deep-depletion. C-V characteristics. ' '
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Fig. 4.10 Sample equilibrium and steady-state deep ‘depletion C-V

characteristics.
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CHAPTER 6
AN MOS-C PHOTO /SWEEP TECHNIQUE FOR DETERMINING Te

One of the prime objectives of the research work was t6 determine the
carrier recombination lifetime 7, in silicon solar cell substrates. In this chapter
we descrlbe and demonstrate a new measurement method — an MOS-C -
photo/sweep technique — for extracting the cited parameter. The
measurement procedures are based on the increase in inversion capac1tance CF
in response to a set of illumination and linear sweep voltages. Relative to
other ‘MOS techniques, the measurement method is simple, accura.te, and
allows one to determine 7, under room temperature conditions. Basically, the
MOS-C is operated under "forward-biased" condltlons — CF is related to the
apphed voltage, illumination and voltage sweep are. related to the current. As
discussed in Chapter 2, the recombination lifetime can be deduced from the
diffusion-dominated current at large forward biases. '

In what follows we consider the effects of a linear voltage sweep,
illumination, and a combination of photo/sweep on the MOS-C. The
description of the voltage sweep and illumination effects serve as intermediate
steps in understanding ultimately the adopted photo/ sweep technique. A
quantitative analysis of the measurement for determining 7, is then detailed.

‘In the analysis we establish how CF is related to V,; V, is the effective voltage

developed across the MOS-C (which is equivalent to the forward-biased

voltage across a PN junction diode) and is a central variable in computing 7;.

Finally, experimental results are presented to demonstrate use of the

technique. ‘ ’

"~ To avoid confusion in the subsequent discussion we would like to
‘emphasize the following points: o

- 1. For an n-bulk substrate (on which measurements were

performed), holes are of course the minority carriers whereas

electron are the majority carriers. As established in Chapter 2,

the recombination lifetime 7, in an n-type material is equivalent
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~ to the minority carrier hole lifetime 7,; hence the terms Tr and 7,
are used interchangeably. ‘

2. To srmphfy theoretlcal relatlonshlps, we have adopted the ‘usage

,of U, Where U, = 'Ue is simply the eﬂ'ectlve voltage -

kT/q |
developed across the semiconductor component of the MOS-C

~ mnormalized to kT /a. U, is of course dimensionless.

- B 1 Mea.surement Theory =

b. 1 1 The Forwa.rd-Sweep Method

, We herein define forward sweep to be an apphed voltage ramp Whrch
'hnearly varies the gate voltage from inversion toward accumulatlon
condrtlons Accordmgly, when the gate voltage is swept from accumulatlon to
‘inversion . cond1t1ons, it is referred to as a reverse sweep. The followmg
‘quahtatlve description of the MOS-C response to an apphed forward voltage
sweep closely parallels the well—e_stabllshed linear sweep" response [43] W_here a
: reverse sweep is employed. ‘ :
‘ P1cture an n-bulk MOS-C which is initially blased under equ1hbr1um
inversion conditions. The inversion capacltance is Cp. Next, suppose the
"MOS-C.is forward-swept by varying the gate volta.ge Vg at a constant ramp

o ‘rate R (R'=dVg/dt). During the initial stages of the sweep, the depletlon

region progresswely shortens as the semlconductor reacts to offset the charges
“being removed from the MOS-C gate. As depleted in Fig. 5.1(a), a decrease in
the depletion region in turn increases the inversion capacitance. At the same
time, an excess of minority carrier holes i is created inside the near-Si-surface -
; 1nver31on layer Responding to the excess, these carriers are injected into the
depletlon region and the adJacent quasa-neutral reglon Where they
~subsequently recombine (see Fig. 5.1(b)). After a short period of time the

; recomblnatlon rate within the semi¢onductor becomes sufficiently large so as

to preclsely balance the rate at which charge is being removed from the gate
Under this dynamlc steady-state condition the new observed inversion
capacltance is CF The charge removed from the gate per unit area per second
is: COR, which is equal to the magnitude of the injected current Jgygpp inside
. the semiconductor; C, is the oxide capacltance per un1t area. The 1nJect10n
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Fig. 5.1’ (2) Effect of forward-sweeping on the inversion capacitance.
The applied voltage sweep causes the equilibrium . inversion
capacitance Cp increase to a dynamic steady-state value,

Cl'p. (b) Carrier injection due to forward-sweeping and

subsequent carrier recombination inside the MOS-C.
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current is in turn balanced by the recombination currents in the depletlon
region, Jg_g, and also in the quasi-neutral region, Jppy.

The energy band »dlagrams under equilibrium and dynamic steady-state
conditions are depicted in Figs. 5.2(a) and 5.2(b), respectively. Note from Fig.
5.2(b) that there is a separation of quasi-Fermi levels (Fy for electrons and Fp
for holes) near the interface. Under low-level injection conditions FN—EF,
where Ep is the equilibrium Fermi-level for the majority carrier electrons.
The difference between the two quasi-Fermi levels divided by kT is identified
as the normalized effective voltage U,, which is functionally equivalent to’th‘e
apphed voltage V, across a PN junction diode. As will be summarized in
Subsection 5.1.5, and as detailed in Appendix C, the U, value is readlly
~ deduced from the observed steady-state capacitance CF

From the foregoing qualitative analysis it should be obvious that a plot of .

R vs U, should display an "I-V" characteristic which is similar to that of a
forward-biased PN junction diode. In principle, one could systematically
increase the sweep rate R, until the R vs U, plot enters a diffusion-current-
dominated regime. From the slope of the plot in this regime one could then
extract the minority carrier lifetime. Practically speaking, however, one can
only perform ramp-type forward-sweep measurements for a limited range of
sweep rates (typically, < 30 V/sec). High sweep rates cannot be conveniently
utilized for the measurement. For instance, if an n-bulk MOS-C initially
biased at -30 V and exhibiting a negative flat band voltage is forward-swept at
R=30 V/sec, the allowable time for measuring CF is less than 1 second. Note
that the forward sweep measurement is one-shot in nature — the MOS-C has
to be biased back to the initial inversion conditions and allowed to equilibrate
‘before additional forward sweep measurements can be performed. Depending
on the value of the carrier lifetime for a given MOS-C, the R—U; plot
constructed from forward sweep data (where R<30 V/sec) may or may not
- display a strong diffusion-dominated regime. Typically, higher sweep rates are
required for achieving the desired plot. This led to the use of illumination to
achieve the required forward-biased (U,) values.

5.1.2 The Illumination Method

Compared to the forward sweep approach, illumination can readily
induce a larger effective voltage. Consequently, illumination can be used as a



80

siOgfsi
o @

(b>

o Fig, 52 (a) Equxhbrlum a.nd (b) steady-sta,te energy band dlagrams,
S “under inversion conditions. Note that Wy > WF, Wz and
WF are the depletion widths corresponding to Cy and CF, ’
respectxvely, Fp and Fy are the quasi-Fermi levels for holes
and electrons, respectively. '
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tool to 51mulate large sweep rates

_ When the MOS-C is exposed to. illumination, the photogenerated :
mmonty carrier holes are first collected under the gate and then injected into
the bulk of the MOS-C. Once the carrier injection is 1n1t1ated the subsequent
response of the depletion region and the corresponding inversion capa,clta,nce
‘are the same as that described in the forward sweep method. The resultmg
injection current is denoted as JproTo, indicating that the current is initiated
by 1llummatlon alone. JppoTo, iR general, is very difficult to accurately rela.te
to ﬁrst prmclple parameters such as hght intensity and the absorptlon
‘coeﬁiclent However, since it has the same eﬁ'ect as a forward sweep, 11; is
loglca.l to introduce an effective sweep rate R where JpgoTo = COR R of ‘
course, ha.s to be calibrated for a gwen illumination intensity.

One calibration method would be to compare CF produced by known
forward-sweep ra,tes and by known levels of low-intensity illumination. The .
same value of CF obta,med mdependently by the forward—sweep and the.
illumination implies R ' =R. A plot of the illumination levels versus R'

_ (hopefully lmea.r) could then be constructed. For values beyond that
acces31ble to forward sweeping, R’ could be deduced from an extrapola.tlon of
‘the linear calibration plot. The cited calibration approach was indeed
1mplemented and sample results will be discussed in Sectlon 5. 2. The
cahbra,tlon, however, proved quite difficult and inconvenient; R’ depends on
-parameters such as the distance between the source ‘and the " device.

Practlcally 'speaking, one must obtain a calibration plot prior to each hfetlme '
measurement. The photo/sweep method, described next, was developed to
circumvent the uncertainty associated with the photo—cahbratlon while still
_prov1dmg the adva.ntages of illumination.

5.1.3 The Photo /Sweep Method

‘Having established the conceptual foundations for the forward sweep and
illumination methods, it is mnot difficult to understand the underlying -
‘measurement concept of the photo/sweep approach. As the name implied, the
' measurement involves a combination of illumination and forward sweep. The
basic idea is to strongly illuminate the MOS-C so that the recombination
current is diffusion-dominated. Let the ‘corresponding 1llum1nat10n-only
mJectlon current, capacitance, and effective voltage be COR CFI, and U,
respectively. The subscript 1 denotes that the response is due only to the



‘1llum1natlon Since the photocurrent is dlﬂ'usmn-dommated one can wrxte

. JINJECTION JPHOTO = CR' « exp(Uel) As discussed previously, the carrier

hfetlme parameter is. conta1ned in ‘the proportionality constant.  Next' a
forward sweep of sweep rate R is apphed to the MOS-C under the’ same
_.1llummatlon condltlons This will cause an addltlonal though small, increase

B ‘in capacltance Assumlng R does not perturb R ‘one can express the total'

'mJectlon current, capacltance, and  effective voltage as CO(R+R ) CF2 -and
- Ue2’ respectlvely The subscript 2 denotes that the response is caused by both
R th forward sweep and - 1llummatlon ~ Here  JiNECTION =
o(R+R ) x exp( «2). Subtracting the corresponding injection currents yields -
CR exp(Ugg)—exp(Uy). Hence the minority carrier lifetime can readily be
extracted W1thout determlmng R’.. It should be pomted out that the method
does require an accurate determination of the small increase in capacitance
resulting from R. The 1mplementatlon of the photo/ sweep method is detalled )
: in Sectxon 52 L oo ' ' |

5.1 4 Quantxtatlve A.nalysm

There are a number. of ‘basic assumptlons underlylng the analysrs (1)

" We assume a spatially uniform distribution of R-G centers in the MOS—C ,

depletlon region and in the adjacent quasr-neutral bulk. (2) The same R-G
~ ¢enter is assumed to dominate in both the depletlon region and in the quasi- |
neutral bulk under all experlmental conditions. . (3) Recomblnatlon._at.,v the

vlnterfaclal traps under the gated MOS-C surface is taken to be negligible :

_under i inversion condltlons ‘ (4) It is assumed the periphery to gate area. ratlo

B has been made suﬁclently small so that lateral surface effects are neghglble

Cort o

(5) The quasr-neutral bulk width, d, is taken to be greater than the. mlnorlty
- carrier dlﬁ'usmn length LP (To ﬁrst order, d is the same as. the wafer '
| "-thlckness) - , AR )

Under experxmental condltlons where a steady-state or dynamm steady-
state condltlon has been estabhshed one can wr1te ’

 Jwmomon = Jescoummamon  (6)
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Jsweze + JproTo =JR-c +dprr . (52)
where
Jsweep = CoR | - (53)
and : |
Jproto = CoR g (54)

The recombination current Jz_¢ in the depletion region is rélatéd to the
lifetime by (refer to Appendix B) - '

| Jr—c =q [% }WR » | B (5-5)
g | :

 where
WR = ’YLD [e - 1] : (5.6)
Us ' '
~ dU
y=Us [ . . ‘ (5.7)
° ]-"i'—p_eU_UF + _,n-eUﬁUe—U}F(UyUF’Ue)
Tg Tg

F(U,Up,U,) = [eUF*Ue [er+U—1] e [eU—U—1 ]F

(5.8)

- Kqe kT |2 : '
LD = [ S ; T (5.9‘)
. 2q n; . :




UF=—ln - o » = (510)

U, = (Fx—Fp) /T
. 'Ve
kT/q

‘_ (5.11) |

Wp is the effective recombination width inside the electrostatic depletion
region, F is the normalized dimensionless electric field, Ly is .the’,intrinsic
Debye length, U is the normalized doping parameter, U is the normalized
fpote'ntial and Ug is the normalized surface potential at the interface;
US=+11fUS 0. ' ; ' N
o Analogous to the d1ﬂ'us1on current in the PN junction analysm , one can -
- write Jprpy as [85] |

-

Jpirr = q?P"'l— [e_U? - 1] o (5.12)

where

1— SBLP/DP‘ T (5 14) .
1 + sglp/Dp s
Lp= ,kvaP_T'p..r '_ ‘ (5.15)

sp is the surface recomblnatlon veloclty at the back of the MOS-C. LP is an
effective diffusion length and DP is the hole dlﬁ’uswn constant
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One can readlly deduce from Eq. (5. 12) that it is Lp (not LP) which one
I'actually ‘determines from the diffusion current characterlstlcs However, if
d= Lp, then Lp is approximately equal to Lp, and 7, can readily be .
determined using Eq. (5.15). The foregoing assertion is confirmed in Fig. 5.3
employing Eq. (5.13). On the other hand, if L;', > d, one cannot determine the
true > parameter without knowing sg. :

Invoking assumption #5, i.e., assuming d >> Lp, the bracket in Eq
(5. 13) approaches unity and Eq. (5.12) becomes :

. DP n (U ] . ) ' -
J L~ R SUR. S L 5.16
DIFF ‘qLP Ny & 7L .

Eq.. (5 16) is of course the textbook result for the diffusion current ﬂowmg
through :a PN Jjunction diode. As noted previously, 7, enters the JDIFF term

through Lp (see Eq. (5.15)).
: Substltutmg Egs. (5.3), (5.4), (5.5) and (5.16) into Eq. (5.2) ylelds

n; Dp |2 n;% . Y
Co(R+R") = W +q| 2| [eU°—1) . (5.17)
: ] Tg : Tp i ND | .
\_'Y__J \ v - ’
Jr-a - Jprr

Eq. (5.17) is the general "current-voltage” relationship describing the response
of the MOS-C under forward sweep and illumination conditions. A sample
theoretical R+R* versus U, plot based on Eq. (5.17) is shown in -F~ig.”5.4.

~ In applying the photo/sweep method to extract 7,, one createé
'experlmental conditions such that Jg_g is negligible compared to Jppp. With
JprF >> Jp-g it follows from the discussion in Subsection 5.1.3 a.nd Eq
(5.17) that
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16

Sample R4R" versus U, plot using
Co = 86 pF, Cy = 25 pF, x, = 0.1 um,

‘Np = 1.68x10"° em™2, Ag = 2.5x107° em?, T = 295K,

Ty =100 usec, 7, =1 usec and 7, = 99 usec.
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Both Ue2 and U, are deduced from the correspondmg inversion capacltance
, ,CFz (due to photo/sweep) and Cp, (due to photo-only). Since R is also a
- 'known quantlty, p can be readlly deduced from from Eq (5 18)

| 5. 1.5 Rela.tmg CF And U

To compute the hfetlme parameter from the sweep-capacltance data, one
must first deduce the effective normalized voltage U, from the capacitance CF
As detailed in Appendix C, the CF - U, relatlonshlp is essentlally derived -
from extendmg the high frequency exact C-V analysis [86] from equlhbrlum to

| steady-state condltlons Referring back to Fig. 5.2, one notes that the quasi-
| ~Fermi level for holes (Fp) and the quasi-Fermi level for electrons (Fy) are the
'same under equilibrium. conditions, ie, Fp=Fy=Ep. Under steady-state
conditio;i‘s,v the quasi-Fermi level for the minority carrier holes is ‘displaced
from Ep across the depletioﬁ region. In addition, since the minority carrier
" hole ‘concentration in the quasi-neutral bulk is negligible compared to the
. ' maJorlty carrier electron concentration under low-level injection conditions, -
" one can further assume Fp in the quasi-neutral bulk to be the same as that in
_the depletlon region in the exact C-V analysis without introducing a
"mgmﬁcant error. In doing so, we obtam the followmg set of control equatlons ’
relatmg CF and U ’

/ Co

e (5.19)
C1HWr/x) e

P(i , 5)/(1+A) +e 0 (’US-.-I);

{Dp |2 ni»le.;. Uel] : e
15 ];ND"e 2—e | (518) s
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_ (e *+Ug—1)/F (USaUF’UP)

—
fs e Rl 1)(e_U+U 1) Ju-
2F%(U,Up,Up)
Vg = £U8+ﬁs = F(Us,Up,Up) S (5.22)
q Lp . BRI
| Ve/( : _/Q)] 3 | _ e (Y u,—1)
. %o/Lp |
Up=h ‘ 5.23
L : e—US+US—1. . ( )
with :

’ UF 1s the normahzed doping parameter, Up is the normalized qua81-Ferm1 level

for holes, Us is the normalized dc surface potential. Usmg iteration methods, o

one can ‘generate a CF versus U, lookup table. Sample CF ~— U, data is listed
. 1n Table 5.1. Finally, it should be noted that there is a slight dependence of
CF—U relationship on VG However, the dependence is typically neghglble

5.2 Expenmental Results

- The MOS-C’s employed for the measurements were fabricated on wafers _
M14, D2 and D514. Both M14 and D2 were wafer quadrants scribed from low
defect 4" (100) float-zone refined silicon which was 0.055 cm thick. Sample
‘ D514 was a lower quality 2" wafer used for comparison purposes and was
0.0255 em thick. MOS-C physical characteristics and the device processmg »
'hlstory were recorded in Chapter 3. It should be noted that a large MOS-C
gate area (AG = 0.03675cm?) was chosen to minimize the lateral surface eﬁect
and also permits more detectable (hence more accurate) cha.nges in-
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o Sa.mple CF—U Data with VG — 25 volts, 5C CF — CF
‘ "(Co—86pF CF—25pF xo—Olum, :
~ Np = 1.68x10"8 em™%; Ag = 2.5x1073 cm?; T = 205K;

Tg —100usec, : 1' =1 usec a.nd To —99psec - The

' pa.ra.meter va.lues are the same as those used for Flg 5.4.)
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7258 | 1303
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capacltance

The measurement set-up of the photo/sweep method was glven in

' Chapter 3. Specifically, the photo/sweep method is implemented by usinga

periodic saw-tooth waveform to generate the forward sweep. There are several
advantages to this implementation. First, different sweep voltages can be
achieved by simply adjusting the period and amplitude of the. wa.veform
Second, since the sweep rate is periodic (and since lost carriers are rapidly
replaced by the strong 1llum1nat10n), the measurement, instead of bemg one
shot in nature as in the original forward sweep method, is continuously
repea.table. As a result, electrical noise in the capacitance measurement can
be minimized by averaging with a signal processorf. ,

Fig. 55 systematically illustrates the timing seqi1ence of the
measurement. A trigger is used for signal synchromzatlon purposes. Prior to
tnggermg the sawtooth waveform, C = CFD the steady-state capacitance
corresponding to illumination only. Once the sawtooth waveform is triggered,
R is applied together with the illumination and the capacitance. increases,
finally reaching a dynamic steady-state value, CF2 With the a.brupt
termination of the voltage ramp and the return to the baseline bias, the
capacltor becomes partially deep-depleted. However, because of the high level
of 1llummatlon, the capacitor relaxes rapidly back to its original steady-state
value. The whole sequence is then repeated with the next synchronous trigger.
- "Also 'pi'ctured in Fig. 5.5 are two sampling windows inputed to the DLTS
signal processor. Note that the signal processor samples the photo-only and
pheto/ sweep capacitances and automatically determine the capacitance -
difference. ' .

It should be pointed out that a problem can arise concerning the mtenmty
level of the illumination striking the MOS-C. As the photogeneration rate is
increased, a point is eventually reached where the minority carriers are able to
partially follow the a.c. signal used to measure the capacitance. When this
happens the C—U, theory (based on the high frequency assumption) is no

longer valid. To assure high-frequency operation, we used the the C-t portion
of the capacltance response right after the termination of the sa.w-tooth sweep
‘to sense the onset, of low frequency condltlons (see Fig. 5.5(c), reglon 3). If the

Tt should be mentioned that the signal processor of the DLTS S4800 system employed i in
the measurement is a specially deslgned instrument. It can average the input periodic
signal; hence minimizing electrical noise and yielding accurate capacitance measurements.
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L F1g55 Tlmmg dlagrams of the photo/sweep measurements (a)
" the trigger pulse used for synchronization purposes; (b) the
. perxodxc saw-tooth waveform used to generate the forward

-sweep; (c) ‘the capacxtance response of the MOS-C under

- photo-only  conditions (region 1) and photo/sweep :
conditions (region 2); region 3 is the illuminated fast C-t -
- transient right after. the termination of forward-sweep, (d)
" -the two samphng windows inputed to the DLTS signal
~ processor; the adjustable windows speclfy the time frames : _
at which capacltance measurements are performed by the
. 51gnal processor ‘ ' :
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storage time to reach equilibrium for the C-t response is >100 /fac, Where fac is
the ,_sm‘a"l;l signal test frequency (typically f,, = 1MHz), then we can still
- assume high frequency conditions prevail. In our measurements, the shortest
illuminated C-t transient storage time was about 1 msec. This value is greater
than 100/ 1MHz and places capacitance data in the high frequency domain.

To obtain a complete Jpy; =C (R+R ) vs U, plot, we comblned‘
-photo/sweep and forward sweep data. The forward sweep data was derived
using the MSI-CV system which has a continuously adJustable ra.nge of sweep
rates varying from 0 to 25 V/sec. Each chosen sweep rate, R= dV/ dt, was
accurately determined from sweep voltages recorded periodically as a function
of known sampling time using a Keithley 175 DVM Table 5.2 and Table 5.3
record sample measured and deduced data from the forward sweep and
photo/sweep measurements (device M14-1). An R4R’ vs U, plot constructed
~ from the data is shown in Fig. 5.6. Note that the upper portion of the plot is
derived from the photo/sweep data while the remainder is constructed from
forward sweep data. Using Eq. (5.18) and the data from Table 5.3, the
deduced minority carrier diffusion length Lp = LP is about 0.031 cm and the
correspondmg minority carrier lifetime 7, is 84 usec. Employing Eq. (5 17),
reasonable good theoretical fit to the experlmental plot is achieved if one set
Tp = 600 usec. It should be noted that 7, = 700 usec employed in the
. computa.tlons was obtained from a pulsed C-t transient measurement (see Flg
5.7(a) and 5.7(b)). -

Figs. 5.8(a) and 5. 8(b) show a second set of pulsed C-t transient and
Zerbst plots from wafer M14. The deduced 7, for device M14-2 is 1.08 msec.
~ Accordingly, one would expect 7, to be relatively larger for device M14-2 than '
device M14-1. This is indeed found to be the case; computations based on the
forward-sweep and photo/sweep data yield Lp = 0.036 cm and Ty = 112 usec.
- The corresponding R+R’ vs U, plot is presented in Flg 5.9. Flttlng the knee
of the experimental plot additionally yields 7, 900 usec.

One should note that the V" plots derived from device M14-1 and
M14-2 exhibit a distinct diffusion-current dominated characteristics. This is
not surprising since the 7, parameters for both devices are quite large. The

recombination current JR—G inside the depletion region is expected to be small
_relative to Jppp even at low biases. :

It should also be pointed out that the 7, parameter comes into play
through Jg_¢ in Eq. (5.17). However, since both devices M14-1 and Mi14-2
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. Table 52 Sample Forward-sweep Da.ta. (Derlved From DeV1ce M14—
B CF 303.8 pF) : ,

RW/S] ‘ Cé‘[PF] o U,
00024 | 31085 190

".o,.oos . 31320 289

0.000 | 31815 3.70

oo | o sas | 467

0.038 L semes | moa

0.087 g 325.40 s

o140 | seers | edT

0280 | 332.80 | 13

0607 . [ - 33750 8.8

2790 S se40 | eg0

3470 | sar0 < | 1010

0.020 |~ 35340 1110
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‘Table 5.3 Sample Photo/ Sweeﬁ» Data (Derived From Device VM>1;4-1-;;
' Cr = 303.8 pF.) ' :

— g e
R[V/s] CpalpF] Ug R [V/s] Lplem]|
Data set #1 10.0 362.280  12.435  22.70 0.031 |
!
Cp;=359.8 pF | 240 364.927 12799  22.36 . 0.031
Ugy=12.07 ~
" Data set #2 9.09 3645 12740 - 34.65 0,031
, , 3
Cp;=362.8 pF | 24.0 368.833  13.060 . 3250 0.032
U, =12.507 ' -
Dataset #3 | 9.09  376.233 14235  177.3 0.032
+ -1 . )
Cpy=375.8 pF " '
Ugy=14.185
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R+R " vs U, plot derived from device M14-1.

~(Co = 665 pF; Cy = 303.8 pF, x, = 0.191 um;

- Np =1.87x10"° em™%; Ag = 0.03675 cm® T = 296K;
Tg =700 usec; 7, = 84 usec and T, = 600 usec.) ‘
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R+R" vs U, plot derived from device M14-2.
(Co = 659.8 pF; Cp = 293.9 pF; x, = 0.192 pm;
Np = 1.668x10'% cm™3; Ag = 0.03675 cm*; T = 296K;

7, = 1.08 msec; 7, = 112 psec and 7, ~ 900 usec.)
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. exhlblt a relatlvely small JR_G characterlstlc, the Ty values obtalned from the
theoretlcal fit are merely approx1matlons P ’ '

Devrces on wafer D2, with’ an expected shorter generatlon llfetlme, were

L purposedly fabricated in an attermpt to mvestlgate the applicability. of the -
o 'vphoto/sweep and forward sweep methods. to shorter lifetime devices. Wafer

D2 was processed using an abbreviated wafer cleaning procedure and a much :
~ shorter phosphorus gettering time. Figs. 5.10(a) and 5.10(b) show. the C-t

- _“transient and Zerbst plots derived from device D2-1. As expected, Tg is quite
) < short only 20 usec leen the quoted Tg Value, one would speculate. that o is

at. least small in. the near-Sl-surface (The C-t technlque only probes the‘
. near-Sl-surface regron) Consequently, Jr_g should be correspondlngly large.

o Performmg the forward-sweep measurements on device D2-1 indicates that

 Jp_g does indeed dominate at small blases (see Fig. 5.11)). Rather
: 1nterest1ngly, however, upon applymg the _photo/sweep technlque to ‘device
D2-1, we deduced a very large effective bulk diffusion length, a diffusion length

‘greater than the thlckness of the wafer. This implies that 7, in the quasi-

| . neutral bulk is a quite large and different from the surface T, value As.

. P
_»dlscussed prev1ously, the precise 1' value inside the quasi-neutral bulk cannot

" be determined without - knowmg sp (which is an unknown quantlty) slnce the '

| 'extracted dlﬂ'uslon length is larger than the thlckness of the Wafer PR

. One plau51ble explanatlon for the unusual result is that lmpurltles were

e ‘;mtroduced onto the wafer surface during processing. The short. getterlng
o tlme, moreover, did not remove the added 1mpurxt1es Meanwhile, the qua31--

* neutral bulk was P1'°Pel'1)' gettered. As a result, the recomblnatlon rates in
‘ : the near-Sl-surface and in the bulk dlﬁ'ered thereby leadlng to two d1ﬁ'erent
llfetrmes B : S v L

Turmng to another toplc, as mentloned in Subsectlon 5 1. 2 the -

: rlllummatlon-only method requlres one to calibrate the light intensity levels to -

" equlvalent ‘Sweep rates R’. One cahbratlon 'scheme would be to obtaln the
. same CF produced by known forward-sweep rates and by known_ levels of
: low-mtensrty illumination, giving R* =R. Large R values, correspondmg to
o h1gh-1ntensrty 1llum1natlon, could then be deduced from an. extrapolatlon of

- v the cahbratlon plot.

Flgure 5. 12 shows a. sample cahbratlon plot derlved w1th dev1ce D514- 3

""It should be mentloned that the intensity levels shown in Fig. 5.11 were taken, o |

- to. be: the transm1ss10n parameters of neutral denslty ﬁlters for a chosen'_ '

P 1ntensxty source.




'Fig. 5.10

103

(a) C-t transient of device D2-1 and (b) the correspondlng :
Zerbst plot deduced 7, =20 usec. v RN
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R+R" vs U, plot derived from device D2-1.

(Co = 676 pF; Cp = 293.2 pF; x, = 0.187 um;

Np = 1.61x10* cm™%; Ag = 0.03675 cm?; T = 296K;

Ll'; = 0.09 cm; 7, = 20 usec; 7, = 16 usec; 7, (at the near-
Si-surface) = 3.75 usec.)
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. ‘The complete R+R" vs U, plot derived from device D514 is shown in F'ig,
- 5.13. It 'clearly demonstrates that the data obtained from the calibrated
illumination method are located on the same "I-V" regime as with the data |
obtained from the forward-sweep and photo/sweep methods. Similar to-
' dev;ce D2-1, device D514-1 also exhibit a long 7, inside the quasi-neutral bulk
- and -a short 7, in the near-silicon-surface. A best theoretical fit is obtained
 using 7, = 130.5 psec, 7, (at the near-Si-surface) = 13 usec, 7, = 110 psec,

a.nd LP =0 075cm. ' | | .

b. 3 Summa.ry

In this chapter we have explamed ana.lyzed and demonstrated the MOS- .

C photo/sweep technique primarily developed to extract the carrier
recombination lifetime. The measurement procedures are based on the
- increase in inversion capacltance CF in response to a set of illumination and
linear sweep ‘voltages applied to the MOS-C. Highly accurate capacitance
measurements (which are required in the photo/sweep method to extract
accurate 7,) were achieved through the use of the DLTS 54600 system signal
processor. Relative to other MOS techniques, the photo/sweep measurement
 method is simple, accurate, and allows one to determine 7, under ro'omr
temperature conditions. We have 1llustrated use of the techmque in
: characterlzlng solar cell material.
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. Lp=0.075cm; 7, = 1305 psec; T, (110 pses; T » (2t the
e ”near—Sl-surface) = 13 ,usec) - :



109

CHAPTER 6
SUMMARY AND CONCLUSIONS

One of the design criteria for improving the silicon solar cell performé,nce
is to minimize carrier generation-recombination (G-R) rates throughout the
device cell. The G-R rates, in turn, are closely related to processing. As a
result, appropriate test structures, together with a systematic measurement
approach, must be employed to characterize carrier generation-recomb‘ination._

‘ The purpose of the research was to develop and employ modified and new
measurement techniques for determining the carrier G-R parameters 'under
carrier deficit and low-level carrier excess conditions using MOS-based test
sAtr_juctu‘r’es.., The structures mainly consisted of MOS-capacitors (MOS-C) and
Schottky-drained - gate-controlled diodes (SGCD). Sample G-R parameters
were extracted from test structures fabricated on 3-5 ohm-cm, (100)-oriented,
float zone, n-bulk, silicon solar cell substrates as well as on lower quahty n-
bulk matenals for comparison purposes.

Speclﬁcally,_ the photoaccelerated MOS-C Capacitance-time (C-t)
tra.nment technique, modified from the standard C-t method, was utilized to
drastically reduce the observation time by simply illuminating the test
structure during the transient; hence rapidly extracting the carrier generation
lifetime (7,) while at the same time retaining the advantages of automated C-t
measurements. This is important in dealing with solar cell material because of
the typically long carrier lifetimes. It was shown that, in utilizing the
- photoaccelerated C-t technique, the observation time could be reduced by
about an order of magnitude. The technique was successfully applied to
MOS-C’s fabricated on high quality silicon solar cell substrates, MOS-C’s
which exhibited generation lifetime on the order of 1 msee. k

The SGCD structure, which consisted of an extended Schottky diode
located next to a standard MOS-C, was developed and employed for
extracting the surface generation velocity (s;). The structure has a distinct
édvantage over the conventional PN junction GCD in that it is only slightly
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more complicated to fabricate and interrogate than a Simple MOS-C. Typical M
smple s; Values were in the range of 1-3- cm/sec for well-annealed test
.structures In addition, as a potential useful aside, it was demonstrated that
- steady-state deep-depletlon C-v characterlstlcs could be obtained usmg the
- SGCD structure. . S :

An MOS-C photo / sweep mea.surement technlque was developed prlmarlly '
to permit the ready extraction of recombination lifetime (7,) under low-level
: ‘carrier excess conditiOns The new techmque is based on the change in high
frequency inversion capacitance in response to a set of illumination and
‘forward-sweep voltages applied to the MOS-C. The technique allows one to
“extract: -7, under room temperature conditions. It was shown that for
homogeneOus MOS-C’s with long Tg (in 1 msec range), the extracted 7; was in
 the range of 100 psecs. Tt had also been observed that, for some test
, structures, the Tr values at the near-Si-surface were less tha.n the Tr 1n51de the
,quasl-neutral bulk. ‘ ' ’

Fmally, 1t should be re-emphasize that the work presented in thls wr1t1ng
',was in fact a portlon of a larger research program. Cited MOS based
measurements estabhshed by the author were envisioned to be a means of
correlatlng the results derived from the free carrier mfra-red absorptlon
measurement method. The latter method is under development by the
author s colleague, Fati Sanii, and is expected to provide the carrler
recomblnatlon parameters (7, and s,) under a broad range of carrier excess
"'condltlons The combined systematic measurement approach will ultlmately
perm1t a complete characterization of carrier generatlon-recombmatlon in the
solar cell, and serve as-a useful tool for further cell des.1gn and processmg :
1mprovements ' ' : '
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Appendix A: Wafer Processing

This appendix outlines the step-by-step procedures for wafer cleaning,
furnace operations, sputtering, photolithography and etching. Abbreviations
and chemical symbols were used for the following chemicals: ACE-acetone,
TCA-trichloroethane, HF-hydrofluoric acid, H,O,-hydrogen peroxide, H,SO4
sulfuric acid, DI-deionized water, POCl3-phosphorus oxychlorlde, BHF-
buffered hydrofluoric acid. :

A.l Chemical Cleaning Procedures

~ All chemicals used in the following clean-up procedures were of electronic
grade. The DI water had a resistivity of 18 Mohm-cm. Teflon and fluoroware
beakers were used for the cleaning.

Imtzal clean-up procedure #1

ACE - ultrasomca.lly clean for 3 mlnutes

TCA -- ultrasonically clean for 3 minutes.

ACE — ultrasonically clean for 1 minute.

Rinse with DI — 15 times.

10:1 DI:HF - agitate for 1 minute, then rinse in DI for several times.
1:1 H,0,:H,SO, ~ occasionally agitate for 10 minutes.

:Rinse in DI — 15 times.

N I S A I o

10:1 DI:HF -- agitate for 1 minute, flush in DI for 1 minute, and then
rinse in DI several times. o
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9. :Pull dry in DI. If the wafer has been cleaned Vpr'operly,‘ no water should
~ cling to the polished surface.. If it does, repeat step 5 to 9. e

Initial clean—up proccdure #2

1. - DI rinse - 15 times.

2. 11 H,0,:H,SO, -- occasionally agitate for 10 minutes.
3. :50:1 DI HF -- occasionally agltate for 10 mmutes .

4 'Rlnse in DI - 15 tlmes

5. Pull dry in DI.

Re-clean -j)rdcedur;e #3 |
1. Rinse in DI - several times. .
2. 11 H202 H2804 - 10 mlnutes; _ "
| 3. | : Rmse in DI — 15 times.
) .

. Blowdryin Nz-

A.2  Furnace Procedures

The followmg procedures were adopted and modlﬁed from Cherne (89],
and ‘were used in fabrication procedures involving furnaces. The flow rates of
‘gases and temperatures - quoted below apply to the Tempress furna.ces

: equlpped w1th four 1nch tubes

OZiddtioh -~ 1100 ° C in tube 5
1. N, purge — 10 minutes (2 liters/minute N,).
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Load wafers and push to center of furnace in N, - 3 minutes.

Warm-up in N, — 5 minutes.

0xidi2e in dry O, -- 31 minute for 0.1 ym oxide thickness or 2 hdlirs‘ for
0.2 pm oxide thickness (2 liters/minute O,).

In-situ N, anneal — 10 minutes.

Pull in N — 3 minutes.

Phosphorus Gettering — 850 °C in tube 6

1.
2.
3.

O, purge — 15 minutes (120 cc/minute O,).

N, pﬁrge -- 15 minutes (3 liters/minute Ny).

| Load wafers and push to the center of furnace in Np -- 3 minutes push.

Warm-up in carrier N, and O, — 3 minutes (3 liters/min N, 120 cc/min
02). . ’

Phosphorous source on — 4 or 20 minutes (40 cc/min. source Ny, 3

liters/min carrier Ny, 120 cc/min O,).
Phosphorous source off - 3 minutes.

Pull in carrier N, and O,.

Post-Metallization Anneal (PMA) —- 450 °C in tube 8

1.
2.
3.

N, purge -- 10 minutes (2 liters/minute Nj).
Load wafers and push to center of furnace -- 3 minute push.

Anneal for 30 mimites in N,.

Pullin N, -- 3 minutes.



126

A.3 Sputtering Procedures

'Pre-cﬁeck

1 Chéck the cryopump 'temporé.ture - 20K

2. SWitch the pumpdown control to AUTO mode.
3 | Switch gas control to Ar.

4. Switoh preésure gauge to ST2. 7

5. Select the SPUTTER DEPOSIT mode.

6. Select TARGET $ (aluminum target).

| Wafer Loading

1
2
3
4.
5
6

ol

10.

11.

Press the START and VENT buttons mmultaneously

Wait for 10 minutes to unseal the vacuum.
Press the HOIST bﬁtton to lift up the hoist.
R'emove the substrate platforro

Load wafers onto the substrate platform

Remsert the substrate platform Make sure that the pla.tform does not

, 'contact the rlm of the grounding plate. -

Press the H OIS T button to lower down the hoist.
Make sure the vacuum chamber is closed properly. -
Press the START and PUMP buttons simulta.neoﬁslya

Watch the pressure drops to about 100 microns. The orYOpump valuev‘
should engage automatically. If not, pre'ss the START and PUMP again

When the pressure drops to 0 microns, sw1tch ST2 to EMISSION, then

- press the FILAMENT button.

12.

The pressure of the vacuum chamber will gradually drop to 10 ~7 torr
range after 4t05 hours v
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Pre-Sputtermg
1. Switch from EMISSION to ST2.

2. Open the Ar cylinder value. o

3 'Pressthe START and GAS buttons ’simultaneously.
4. _th the TOGGLE switch to on.
5

Adjust the NEEDLE value until a steady pressure of 6 to 7 mtorr is
attained. : :

.

‘Turn main power on.

7. Press the HOIST POWER on..

8. Select TABLE 1. (so that the substrate platform rotates away from
‘ target 3.) ' o - o

9. Slowly a.nd gradually turn the POWER ADJUST clockwise; adjust the
FORWARD and REVERSE power to 300 watts and 5 watts, respectlvely, ,
by using the LOAD and TUNE knobs.

10. Watch for a purple color plasma.

11. Pre-sputter for about 10 minutes.

Sputter-Deposttwn

1. Turn the POWER ADJUST counterclockw1se to reduce the forward
power to about 50 watts. :

2. Select TABLE 8 and observe the substrate platform rotates from *pésiti‘on
1 to position 3. '

. 3. Adjust the forward power to 100 watts. The reverse power remains at 5

watts.

4.  Sputter for 30 minutes.
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- Wafer Removal -

Turn the PO WER ADJUS T fully counterclockw1se
Press the HOIST POWER to off.
. Turn the main power off, -
.th the TOGGLE sw1tch to oﬂ'
Close the Argon cyhnder value L N
| Press the START and VEN T buttons .
Wait for 10 minutes to unseal the vacuu‘me. o - b |
- ,Press theH OIS T button to lift ﬁp the hoist. | | |
‘Remove the substrate platform. “ -
10. Unload the wafers.
| 11.- fRemsert the substrate platform
12. Press the H OIST button to lower down the h01st
13. »Make sure the vacuum chamber is properly sealed

Press the S TART and PUMP buttons 51multaneously

. _Watch the pressure drops to about 100 microns. The cryopump value

should engage automatically If not, press the START and PUMP again.

- 16. 'When the pressure drops to 0 microns, sw1tch ST2 to EMISSION then
. press the FILAMEN T button : :

A4 Photolitho:gl‘-a.phio and Etching Procedures

AZ-1850J Posztwe Photoreszst Apphcatzon

1.
2.

Prebake - 10 mmutes, 110 *C.

Apply resist - 4400 rpm, 40 seconds.
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, 'Ins'pect;} remove with ACE if necessary.
‘Soft-bake - 15 minutes, 90 °C.

Align and UV expose - 1.5 minute exposure tune

Develop in AZ Developer for 60 seconds follow w1th DI rinse for 60
seconds. -

‘ Inspect if the resist patterns are well defined; remove with ACE and sta.rt

from step 1 if necessary.

. Hard-bake -- 10 minute, 110 C

AZ-1350J Posz'tz"ve Resist Removal

1.

2
3.
4

1
2
3

4.
5
6

| Aglta.te wafer in ACE for 5 minutes.

Rlnse in fresh ACE for 2 mlnutes
Rinse in DI for 1 mlnute.v

B‘low‘ dry in'N,.

KTI 747 Negative Resist Application |

Prebake — 10 minutes, 110 ° C.

. Applj KTI 747 - 3000 rpm, 40 seconds.

TInspect; remove with xylene if necessary.

Soft-bake -- 10 minutes, 85 ° C. o : .
Align and UV éxpose — 30 second. ' |

Develop in Developer II solution for 90 seconds, then rinse in Rinse I
solutlon for 30 seconds. ’

: I.nspect if the resist patterns are well defined. If not, remove W1th xylene

and re-start from step 1.

Hard-bake -- 10 minutes, 110 *C.



130

KTI 747 Negative Resist Removal

1.

2
3.
4

Moderately heat wafers in Nopheﬁql for 5 minutes.
Rinse in TCA for 3 minutes, then in ACE for 2 minutes.

Rinse in DI for 1 minute.

‘Blowdryin N,.

~ Si0y Etching Procedure

1.

2
3
4,
5

Estimate etch time in advance; BHF etch rate ~ 1000 A /min.
Agitate wafers in BHF for 80% of the estimated time.

Remove and rinse thoroughly in DI.

Inspect the opeﬁing with an mici'dscope. |

Etch again in BHF and repeat step 3 and 4 until the opening is properly
etched. . - ‘

Alumsnum Etch Procedures

1.

Agitate and watch wafers in aluminum acid etch until the aluminum is
completely etched off. -

Rinse 15 times in DI.

" Blow dry in N,.
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Appendix B: Derivation of Egs. (5.5), (5.8) and (5.7)

Starting with the steady-state recombination rate R, we have

R np—a; (B.1)
7a(D+P1) + 7p(n+0y) '

or
2 B
np—n;
R= : (B.2)
» : . > n s p
Tglli 1+——+—
7'g 4 Tg n;

where
R n;
Tg = Tn(—n-i-) + Tp(:i) (B.3)

Assuming low-level injection, one can express the carrier concentrations as [69]

n= nie(U—UF) (B.4a)

and

p =0l 0V (B.4b)

where
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_ Ep—Fp

¢ kT

(B.5)

U, is defined as the effective voltage (see Fig. 5.2b). In writing Eq. (B4b) we
have assumed that the quasi-Fermi level Fp of the minority carrier holes is
spatially invariant throughout the space-charge region.

Substituting Eqs. (B.4a), (B.4b) and (B.5) into Eq. (B.2) yields

U,
, n{e “—1 . ’
R = - ‘ 1( , ) (B.ﬁ)
Te T T, _ ,
Tg 1+ _P_eU Ur + _LeUr+Ue U _ :
g Tg

The relationship between the potential U and normalized electric field F
is [69] - ' ‘

. kT F(UURU) _x S
0, XT (UUrUs) _ T dU (B7a)

q Lp q dx
or

O T TUr 9 ~ o (B70)
where

1
F(U,Up,U,) = [e_UF*Ue(e—U+U-—1) + eUF(eU—U—l)F (B.8)

Multiplying both sides of Eq. (B.7b) by gR and integrating both sides
accordingly gives
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RdU Rdx -

Ouq [—24U__ Hdx (B.9
] 2 TATR AR (B.92)
or
Us
RAU
Usq f

 FUUT) Lo {Rd" | (B-5%)

Notice that in writing Eq. (B.9b), we have used the boundary conditions that
at x=W, U=0 and at x=0, U—US The recombination current Jp_g is
expressed as’ ‘ '

w
. JR—G = QIRdX (B.].O) ‘
v 0 :
Therefore, Eq. (B.9b) is rewritten as -
Jp-g =Lpa—7yle " —1 . (B11)
or
n; | ) .
Jr-¢ =4 Wr (B.12)
A Tg ’
where
U,
WR = ’YLD [e - 1] (B.13)

and
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du
.
1+ Le" U 290U Iy U, U
Tg g

(B.14)



135

Appendix C: Derivation of the ‘Cé- — U, Relationship [84]

Two major assumptions are made in deriving the Cé‘—Ue relationship.
First, for an N-bulk MOS-C (which will be assumed henceforth), the quasi-
Fermi level Fp of the minority hole carrier is taken to be spatially invariant
thr’qughout the space-charge region. Second, low-level injection conditions are
assumed to prevail. Under low-level injection conditions, the minority carrier
hole concentration will be negligible compared to the majority carrier electron
concentration in the quasi-neutral bulk. Hence little error is introduced by
taking Fp in the bulk to be the same as that in the space-charge region. In
other words, we assume Fp is independent of positions throughout the
‘substrate. The derivation then parallels’ the standard high-frequency exact
C—V analysis which includes minority carrier redistribution [86,87].

After integrating the Poisson’s equation, the normalized electric field is
‘found to be '

. 1 '
_ F(u,UF,uP) = J[eup_(e__“+u—1) + eUF(e“—-u—l)F . (cy
where
u="U+i | (C-2)
up = Up+ip | (c.3)
Eiu—Fp |
Up = Up+U, = "’“i:T (Cc.4)

u is the total normalized potential, U is the normalized dc potential, i is the
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normalized ac potential, up is the total noi'malized quasi-Fermi level for holes,
Up is the normalized dc quasi-Fermi level, and ip is the normalized ac quasi-
Fermi level.

The normalized electric field at the Si—Si0O, interface is

. _ : 1
'FS = F(ug,Up,up) = [eup(e_us+us—1) +e'F (eus—us—l)F

(C.5)
The gate voltage, in turn, can be expressed as
. X :
Vg = L [Us +0s — F(US’UFiUP)} ~(C.8)
q Lp
- Eq. (C.6) can be solved for Up, yielding
[
Ve /(KT /q)]—U
Ve ' /Al-Us | e UreUs_yg—1)
Xo/Lp
UP =In - (C.7 :
e US+US'—1 : J )

With the constraint that the total number of minority carriers remain
invariant under the high-frequency conditions, we must have

G(uS’UF’uP) = G(US’UF’UP) (C.S)

where
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(C.g)

U.
" e'e”"—1) du

' G(ug,Up,up) =
o o F(u,Up,up)
The G function is proportional to the total minority hole carrier concentration
in the inversion layer. Expanding the left-hand-side of Eq. (C.8) in Taylor’s

series and retaining the first-order terms yields
(C.10)

b G

ug .
N a'llp

where |, means the partial derivatives are evaluated under dc bias conditions.

Under the inversion and depletion conditions the depletion width Wé‘ is
(C.11)

Lp

related to the small signal surface electric field and surface potential by

)
Fs/ig

Expanding Eq. (C.5) in a Té,ylor’s series and, again, retaining only the first-

order terms, one obtains
Fo _op ), oF (& (C.12)
U Oug ° Gup °|dg .

(C.13)

Substituting Eq. (C.10) into Eq. (C.12) gives
FS - JF I _ JF I 3G/3us Io
Us Oug ° Oup °0G/oupl,

Evaluating the fourr individual partia1 derivatives on the two right-hand-side
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of Eq (C. 13), and after performmg some mathematlcal mampulatlon, one
obtains

- U*’(1-&"5) J1+4) + e'UF(eUS—l)
v ﬁs N 2F(US’UF’UP)

(C.14)

where

(e US+US—1)/F(US,UF,UP)

| ‘} e~ UreU-1)(eV4U-1)
o 2F%U,Up,Up)

A=

(c.15)

From ‘the foregoing analyms, we have the followmg set of control
equatlons : ’

Cp = —?—,- o (C.16)
a +(WF/xo) ' ' R
2F(Ugq,Up, U
WF =_LD | UP ( S$HVYFy P) (0.17)

S)/ (1+4) + e"UF( Us 1)

’

kT . &~ %o _ :
VG = TUS"’US 1 F(Us,Ur,Up) - (cas)

Ve/(T/a))—Us |
Cox/lp
“US+US—1

— e Ur(e"s_ug—1)

(C.19)

with
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Up = Up+U, (C-20)
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