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10.1 INTRODUCT|QN

s and of work
ontributions are
hapter lays the

flllllzt;::isd‘;g?:;er We discuss (1) the contribution of chargé
determined arldnces to the flatband. voltage, (2) how these €
groundwork for (3) how flatband voltage is measured. This €
Section 10.2 Parts of Chapters 11 and 15. .o charac-
>ectio ¢ describes how oxide charge affects MOS Capﬁc'tor *
teristics al}d how i polarity and magnitude can be determined. $ec u':n
103 descnl{es how internal photoemission can be used to determine t ;
:::rsgi%ba;{;::kheight between silicon and SiO, and between :}'::sgal::r?izr
heights.ZSection f;l(;nctlon differences can be determined f;;);;lence between
8ate material apg silicon affects C-V characteristics and how “h is
Mmeasured. Section 10.5 gescribes how flatband voltage is measured when
Interface traps are present and the uncertainties involved in the extraction

of oxidf{ charge from flatband voltage caused by charged interface traps
and doping NOnuniformities.

.4 describes how the work function di
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10.2 OXIDE CHARGE

There are two basic types of ch

¥ arge in t * : : face traP
charge, discussed in Chapters 5_7 he SiO, layer: (1) inter

t
i i > @nd (2) oxide charge. The feature tha
distinguishes interface trap charge from oi ge. . i
i i : xid that interface
charge varies with gate bias, wh € charge is tha

bias. We ignore interface trap ch
oxide charge.

There are three types of oxide c
important. The first type, oxide fixe
remaining after interface trap charge
Oxide fixed charge is located at or
Chapters 11 and 15). In electrical m
charge sheet located at the Si-SiQ,

The second type of oxide charg
located either at the metal-SiO, int
exception is when the oxide tra
this case Q, can be distribute
charge is commonly produced
from an avalanche plasma in a
carriers by photoemission or by
are discussed in Chapter 11.

The third type, mobile ionic charge Q,,, most commonly is caused by the
presence of ionized alkali metal atoms such as sodium or potassium. This
type of charge is located either at the metal-SiQ, interface, where it
originally entered the oxide layer, or at the Si-Si0, interface, where it h_aS
drifted under an applied field. Drift can occur because such ions are mobile
in SiO; at relatively low temperatures.

Immobile oxide charge can be distinguished from mobile ionic charge by
a bias-temperature aging experiment. Gate bias is applied for a given length
of time while the sample is held at a moderately elevated temperature. The
density of oxide fixed charge may change under this treatment, but the
centers responsible for this charge do not move. However, the mobile ionic
charge can be cycled back and forth between the metal-SiO; interface and
the Si-Si0O, interface by this treatment without discharge, and the resulting

ionic current can be detected.

harge Q,, that are technologiCa_"y
d charge Qy, is the charge densityY
is annealed out (see Section 15.4.3)-
Very near the Si-SiO, interface (s€€
1€asurements (Q, can be regarded as 2
Interface. .

€, oxide trapped charge Q.. usually 15
erface or at the Si-SiO, interface. On€
PS are introduced by ion implantation. In
d within the oxide layer. Oxide trapped
by the injection of hot electrons or hol€s
high field region in the silicon, injection of
€Xposure to ionizing radiation. These effects

10.2.1 Measurement of Oxide Charge

Oxide charge is an important parameter in devices. For example, it can
alter the threshold voltage of a MOSFET, alter the silicon surface potential
and thereby change reverse surface leakage current in a p-n junction, alter
the avalanche breakdown voltage of a p-n junction, and alter common
emitter current gain at low collector current in a bipolar transistor. It can

invert the silicon, resulting in unwanted current paths between elements in
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T 2
an int ted [t also must be undersstood f.c:rrthe €0
Integrated circuit. als . OS capacitor. )
Pretation of C-v ves mcagur:,d on an M : rpmeasuril'lg oxide charge
The simpl & and 1 A-;t widely used sty hift of a C-V curve. We
density is ltjoeisr:famihﬁoﬁcnsiw from the voltage S.thle C-V curve. Let n,(x)
el er h effect of oxide charge on e induces an image
Btk y a!CU ating the of oxide charge. This charg 1t any given gate
char : iuot;:m(j. _de"S'Tyrf,lCc_ Therefore, the cal?acnan;:eso The gate bias
biasgwilrb ® aaoon 5uf o‘m what it would be if nP(xme siiicon surface by
required Camperent rlhe image charge produced in =() is given by
thiqs g:idéo C]-,ompensadwproduce the flatband condition (Y
Charge an

. L] H 's
; . - son's equation 1
integration of Poisson's equation In the oxide. Pois

4 gna(x) (10.1)
dx? €ox

w x i i ) is the volume

is m ured from he metal-SiO; interface, na(Jf ] i
hel‘ey : 7 fr e i ding in the oxide.
densit ofspo;:isvercoxide charge, and ¢ is the band bending

g HH urface, X = X,,
. : in the oxide to the silicon s
Integratin 0 a point x 101 o ecomes
Whe%e dlb;gdftl v‘::r)nii;::a?in the flatband condition,* (10.1) b

2
- dy . .4 j dx’ ny(x"). (10.2)
dx €ox J

— 0 to the silicon surface,

Integrating (10.1) 4 second time, from the gate x
(10.2) becomes

— ( ( f 10.3
p =L [ ax [ ax n). (10.3)
€ox
0 x
i b
At the gate ¥(0) is related to the gate bias at flatbands Vrs DY
(10.4)

Y(0) = Vg — Wins

nce discussed in detail_ in
he gate bias, resulting
an electron from the
an be reduced to

Where W,., represents the wOrk'funcrion.diﬂf'ere
Section 10.4; W, is a nonelectrical contribution tot
from work done.againSt chemical force§ in mo?rmg]0 e
silicon to the gate electrode. The double integral in (10.

i i i i ion
a single integral by interchanging the order of integrat

f dx j dx' n,(x") = I dx' n,(x") I dx = I dx' x' mo(x). (10.5)
0 ; 0 0 0

; i . vanishes. I
*For nonuniform doping, (dy/dx) does not vanish at the silicon surface when ¢ n

is the sili
this case the left-hand-side of (10.2) becomes Q,(0)/€,.x — dy/dx, where Q0 i icon
surface charge per unit area at zero band bending (see Section 10.5).

W




426
Char,
ges, Barrjer Heights, and Flatband voltage

When (10.5) and (10.4) are used j
’ .3) becomes

VFB_Wm,:__i

€ox f dx’ x' n,(x"). (10.6)
0

From (10.6), Vgg — W, is th .
charge. m € portion of the flatband voltage due to oxide

The relationship (10.
oxide is clarified l’;y( intfo)adt:zi:;e:n Vra and the charge distributed in the
of the charge distribution. The chargzvzzigtfoq;s.ta';ce % called the centr®
1d 1s defined by

Xo

fx'""(x') dx’
= 0
s (10.7)

%o

[ neey axe

o

X0
Because q | n_(x’ '=
of o(x") dx’ = Q,, (10.7) becomes
¥Q =q [ x'no(x") dx’. (10.8)
(1]
From (10.6) and (10.8), we obtain

VFB - Wm, = LQ". (10.9)

The quantity 0. j Sor
Equation (;(3),9’)‘%0,0'8 cf,:ledvthe first Moment of the charge distribution.
the charge (:listribu‘:,’s a';" 75— W IS a measure of the first moment of
obtained from a fon. Thus the oxide charge distribution cannot be
be obtained fr. measurement of Vg, alone. In fact, not even X and Q, can
oxide charge dom-SUCh a measurement. To separate x and Q,, either the
common apd ensity or the centroid must be known independently. For the
charge is locat lg‘l‘)onam case of thermally grown oxides, where oxide
from a measy ed in a sheet at the 5i-Si0, interface, Q, is obtained directly
thickness (wi rement of Vrp because the centroid js known to be the oxide
(within about 30 A or less). For this case, (10.8) or (10.9) becomes

- = _ %Qo
Vip — Ws :o", =_Q (10.10)

ox

where - .

(10.10) ::;l/]xoh—- Cox, the oxide layer capacitance per unit area. Equation
charge distribution. But now we can caloulata w, e (10.10) becmmsa % 15
. on. But now we can calculate f 10.10) becau % is
independently known from Cox. Q, from ( ) se X i
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the remainder of this

mobile ionic charge, of ¢l
no located at the Si-SiO:

case of a charge sheet )
de charge density are related by (10.1(?). 'I.'hls
density characteristic of thermal 9x1dat|9n.
d in the oxide is discussed in Section

Apart from a discussio
?hapter is restricted to the
interface where V,,; and OXi
Case applies to oxide charge
The case of bulk charge distribute S
11.4, where photo I-V measurements are used to.separate Q, and X.

Equation (10.6) or (10.10) shows that the entire C-V curve is shifted

along the voltage axis with respect to the ideal C-V curve [I.‘IO(X).= 0] by
the amount V,, — w,,,. The capacitance at each value of bias is shifted by
Ves — Wa, so that the shape of the C-V curve is unaltered, and the C-V
curve is parallel to the ideal C-V curve. ) .
Figures 10.1a,b illustrate the shift along the voltage axis of a high
frequency C-V curve when positive Q. is present in the oxide. The voltage
shift is measured with respect to an ideal high frequency c-vV curve where
Q. =0 and W,, corresponds to the gate material of the experimental
device. The C-V curve for a p-type substrate is shown in Fig. 10.1a and
for an n-type substrate, in Fig. 10.1b. In both cases positive Q, causes the
C-V curve to shift to more negative values of gate bias with respect to the
ideal C-V curve. Positive Q, is the most commonly observed process

P- TYPE

c ¢

c d +ao 4 -0
ox — Cox ===
Vee =~ IDEAL ox N Ves
C-V CURVE \
\
e ——— \ ~
(o) (c) IDEAL C-V CURVE
> — V(
— 0 + Vg — ry G

N - TYPE

t :

> Cox IDEAL —— Cox
VEB 7 r C-V CURVE Vreg
(b) Sl *9 /
i —_—p %
IDEAL C-V CURVE .
» Vo —»Vs
- 0 + _ 0 +

qu. 10.1 High frequency capacitance as a function of gate bias showing the effect of
oxide charge. The C-V curves marked “ideal” have no oxide charge. (a) Positive oxide
charge, p-type; (b) positive oxide charge, n-type: (c) negative oxide charge, p-type; (d)
negative oxide charge, n-type.
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roduced

related charge. Although negative Q, is no¢ as common, it can be p T
’ o

deliberately by the injection of electrons ; ! mple.
show that the C-V curves can be used tosd.:t;omt,?:es;;gzbégr:;:s ;:Vell.as
the magnitude of oxide charge, Figs. 10.1¢c, d show the shift of a high
frequency C-V curve along the voltage axijs with respect to the ideal C-

curve for negative Q.. Figure 10.ic¢ shows a p-type substrate and Fig.
10.1d, an n-type substrate. The C-V cyrye is shifted to more positive b1as
values for both p-type and n-type substrates for negative oxide charge-
Thus, from the direction of the voltage shift of the C-V curve, the polar_lty
of Q, can be determined, provided that Q. is the sole cause of the shift-
From the magnitude of the voltage shift of the C-V curve, the value of (o

can be determined from (10.10). A low frequency C-V curve also could be
used for this purpose.

The voltage shift of the C-V curve cau
using an n-type substrate for illustration.
the depletion layer width is such that
balanced by positive dopant ion charge in
is introduced into the Si-SiO, interface,
charge is introduced in the gate and int
charge increases the negative gate ¢
electrons are added at the depletion |
yvidth is reduced. Thus the capacitance for n-type is greater than for the
ideal capacitor with Q, = 0. The capacitance is greater for all values of gate
bias, except strong accumulation where the capacitance in both cases
equals C,,, and in strong inversion where the capacitance reaches the sam¢€
saturation value at high frequency or reaches C,, again at low frequency-

The result is a shift of the C-V curve to more negative gate bias as seen in
Fig. 10.1b.

sed by Q, is explained as fo!low(s)v
For a given gate bias and Qo = "
negative charge on the gate 1S
the depletion layer. If positive o
this charge balance is upset. I-mage
he silicon. For the gate, this image
harge. For the silicon, additiona
ayer edge, and the depletion layer

10.2.2 Measurement of Mobile and Oxide Fixed Charge

Consider how to distinguish between flatband voltage shifts due to
mobile ionic charge and those due to oxide fixed charge.

Consider an experiment where the only oxide charge is oxide ﬁxf?d
charge. The initial high frequency C-V curve measured is labeled (i) in Fig.
10.2a. After heating at 180°C for half an hour with a positive gate bias
producing a field of a few million volts per centimeter across the oxide, an_d
cooling back to room temperature, the curve labeled (f.) in Fig. 10.2a 1s
optained. Repeating the bias-temperature aging with negative gate bias
yields curve (f_) in Fig. 10.2a. Figure 10.2a shows that no shift in the C-V
curve was produced. Therefore, from (10.9), the first moment of the oxide
fixed charge density did not change under this treatment. Because it is
improbable that the density of oxide charge and its centroid both changed
in a2 manner to keep the first moment constant, we conclude that oxide
fixed charge centers are immobile.
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c c
C Co
Cox Coryeg 4 ,(f-) sra;/ ES(I).G-)
VFe .
(i) ; (f+
(D,(f,(F-) R
(@ (b} @ v

o+ Vo - 0 + Ve -0+ e

\"} =Q.,4/C Veg =Q /COx
VFB=Qf/Cox FB" Yot/ “ox F8"“m

. . nd
. . : how oxide fixed charge, oxide trapped charge. a
Fig. 1o.i2 Diagram '””St'a"nﬁs,inguished from a bias-temperature aging experiment.
?I: bge c:,mlc c_harge can :ee initial C-V curve; (f.), after positive bias-tempera}ure a9'"9d-
an: ('y;naft::r ("\)e;e'r?otesi;s {emperature aging. (a) Oxide fixed charge; (b) oxide trappe
= ative -

charge; (¢) mobile ionic charge-

. - erature aging experiment with oxic'le trapped
chl::gpeez??ﬁe tt‘;,l;e l:;::,st-;enr?xzals out at low temperatures, curves ((l’). (I{‘:, :“i‘:
(f)) in Fig. 10.2p show that the first moment of oxide trappe lctla:a% e
reduced. Gate bias polarity has no eﬂ'e;;;. Again, it is most likely

: ters are immonoile. .
oxide contaminated by mobile ions. Initially Vg is low, and B its original
bias aging it increases. With negative bias aging, Vis returns hotl a]terf the
value. These results are attf“?“te.d to moP ile ion movement { acm—ding to
centroid of the mobile ion distribution X and so alters Ves l%Jtc Saries. iv
(10.9). The alternative explanation, that the charge density also varies,
ruled out by other measurements, described in Section 10.2.3. ollows. Tn-

Assuming the jons are mobile, Fig. 10.2c is e'xplgmed as o here ‘they
itially, the ions were concentrated at the metal-SiO; !nt.erfaced in the gate
entered the oxide. Because most of the ionic charge is lmalg)e ing positive
rather than the silicon, the initial C-V curve has a low Vrs. DUFEE P70
gate bias aging, jons drift from the metal-SiO, interface to the silicori
interface so that almost all the ionic charge is imaged ith negative
producing the shift shown by curve (f,) in Fig. 10.2b. Agln% wme Si-SiO.
gate bias aging, jons drift from the metal—Slpz interface to 2
condition; that is, curves (f-) and (i) are identical.

10.2.3 Measurement of Mobile lons

The most important mobile ion in Si0, is sodium for reasons ﬁ::te;llligl
Section 15.3. Potassium ions also are mobile. Bec?use they aﬂ: ractic i
these ions are positive in SiOz2. This section describes the mt')]S fo fa
methods of measuring mobile ion density in Si0,. The techno %yd(}f
minimizing the effects of sodium on device characteristics is described in
Section 15.3.4,
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(a) The Sodium Profile

To better understand the ion dens;j
necessary to know how sodium and sod
a classic paper, Yon et al.' determined ¢
in SiO,. Figure 10.3 illustrates the sodiy
oxide where no pains were taken to m

ium ions are distributed in SiOz- I?

10.4.1(a). The sodium contamination is greatest near the air-oxide interface
where sodium entered the oxide.

The total sodium profile is shown in Fig. 10.3. However, not all th,e
sodium is incorporated in the oxide as mobile ions. Some of the sodium 18
che_mically bound in the silica lattice. This sodium is electrically inactive:
as it is uncharged and immobile. Several other workers>* have reporte
ele.ctrically inactive sodium. It remains unclear how the conditions of
oxide growth or the method of contamination affects the amount of sodium
Ehaf remains electrically inactive.* However, our interest is in the mobile
lonized sodium that affects device stability.
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5
10’5 r'l= 1 1 |'=~ ISECTION i 1 1 1

L
AIR/SiO, 1000 2000 3000 4000 5000 6000
DISTANCE FROM AIR-OXIDE INTERFACE (A)

Flg. 10.3 Residual sodium concentration in thermally grown SiO: versus distance into
the °x‘$‘e measured from the air-oxide interface. These results are typical of nine oxides
grown in wet oxygen and two oxides in "‘dry"” oxygen. There was no measurable sodium
in the silicon. The dashed curve is background activity shown as equivalent concen-
tration. Arrows show oxide steps successively etched off to obtain the profile. Initial
oxide thickness was 5400 A and acceptor density was 5x 10" cm™, After Yon et al.’
Copyright (1966), IEEE.

‘It' has been established that sodium originating from sodium halides evaporated onto the
oxide before metallization all becomes mobile. This is a common way of deliberately
introducing sodium contamination.’

ty measurement techniques, it 1S

he total and mobile ion distributio?
m profile they found in an as-grow?

. Mminimize sodium contamination. This
curve was obtained by neutron activation analysis described in Section
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Fig. 10.4 (a) Sodium profile obtained after bias-temperature drift. Arrows show the size of
the oxide etch-off steps. Initial oxide thickness was 5400 A and acceptor density was
5x10'cm™. After Yon et al.' Copyright (1866), IEEE. (b) Diagram illustrating C-V
characteristics measured at 1 MHz normalized to the capacitance at Vo = 0 before and after
bias-temperature drift at 200°C for 10 min with an applied oxide field of 5x 10° V/cm. Th‘e
initial oxide fixed charge density was 4 x 10" cm™2 and the change after drift was 1.9 x10 f
sodium ions/cm?. The sample is the same as in (a) before etch-off. After Yon et al.
Copyright (1966), IEEE.

The mobile ionized sodium in the profile of Fig. 10.3 was drifte.d toward
the Si-SiO; interface by heating the sample to 200°C for 10min with a
positive gate bias applied corresponding to an electric field of 5% 10° Vlcrp.
Figure 10.4a shows the sodium profile after this treatment. Notice the pile
up of sodium at the Si-SiO; interface as a resuit of the drift of mobile
sodium under the applied field. Assuming that all the charged sodium is in
the last etch-off step, that is, within 1000 A of the Si-SiO: interface,
reasonable agreement is obtained between the sodium density in this
etch-off step, N, =9.7x 10" cm™, and the charge density as calculated
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from the flatband voltage shift of ¢

after high. tempera'ture flrift shown inh;igzl‘:) ::rves measuredlzbefezre and
.Th'e d!’lfted sodlurr.x lons are actually .mu(.:h iNm = 1.9 10 e the

Si-SiO, interface, Williams® perform ess than 1000 A from

Section 11.4.3) in which sodium io ; i

inverting the p-type silicon subs't‘rsaWere drifted to the Si-SiO; interfaceé

1 te, SO PO the
conduction band could be observed. From t:lhai; g:o;??r;né;?o:n f;cz‘;ne Lo
magnitude estimate can be made, placing the sodiun? Z 10-100 A from the

Si-SiO; interface. Using the photo I-v
face. > I-V meth ibed in Sections 11.4-
a;ld 11.4:3, PIMarla’ found the. drifted sodiu:ndig::i:;btf: \:v[:tﬁf: t:l;gfnl 50
3 ttl:)e2861:<S;f))lz2 mttigface. In this experiment sodium ions in concentrations
tlf:: Al .SiO int:r?acew;;&‘:)r;gzledﬁallt; oy 10 the Si-Si0, interface anc 'Y
-SiO, 1de nelds between 2 x 10° x 10® V/cm at
(tiemperaturfs betweep 1.20 gnd 40f’C. Photo I-v mlé;si':g l:fntsl?hen/ were
f::edat 77°K to avoid ionic motion under gate bias. [onized sodium was
d'_‘ to pile up within about 50 A of both interfaces. Therefore, the
sodium ions after drift can be considered to be 5 sheet of charge at the
interface to which they were drifted.

(b) C-V Method

T.here.are four steps in the sodium story: (1) the discovery that mobile
sodium ions in the oxide were responsible for the drift in device charac-
teristics universally experienced in the early days of the MOS technology-
(2) the identification of the most common sources of sodium and the steps
taken to minimize or eliminate sodium contamination during manufacture,
() the introduction of monitoring at various steps in the fabrication to
maintain control of the processing, and (4) the development of protective
coa.tmgs al}d encapsulants to keep sodium contamination out of the oxide
?;‘l;ﬂg device operation. All these steps are more fully described in Section
. ;q all four hlst_orical steps, the C-V method was used to measure mobile
s:’u;‘l;n ion density. Snow et al.s. were the first to use the C-V method for
wide)l'yﬂlglsi(:ld:rl:;r:hz%r.ltammat:on in SiO;. The C-V method still is the most
Mg‘S“(‘:: C-v method, a high frequency (usually | MHz) C-V curve of an
temper tpacltor is measured. Then the MOS capacitor is heated to various
womp ha ures up to 300°C and held therf: for up to 30 min, which is long
N E ttO ensure that all of the available sodium ions at the given
appﬁe;a ure finft completely across the oxide. A positive gate bias is
2pp espfﬁenent to cause an oxide field of a few MV/cm. After the given
cooleg I?O&i at elevated temperature and high field, the MOS capacitor is
fatbond ack to room temperature and another C-V curve measured. The
e voltag'e shift between the C-V curve before and after bias-

Mperature drift is a measure of the mobile ion concentration drifted at
the given temperature.
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— : in a charge sheet at the Si-Si0; interface,
ropuse mobile ions Pie upe charge density from the flatband voltage

t 3 3 3
(010) can be used to calcuia an accurate value of sodium ion density

shift. This ¢ . will give i . ; 3
because thealzrrl::noir:‘ flatband voltage, discussed in Section 10.5, is

unaffected by bias-temperature drift provided the change in l?tegﬁi ;;az
level density is ne ligible, and gross nonuniformities in inter a(; o tﬁe
are not produced (Eee Chapter 6)- Thargfore, these errors cam:t(;1 wﬂatband
flatband voltage of the curve after drift is subtracted frorr; e Ratbard
voltage of the curve before drift to obtain the flatband ygbtlagehan v
many applications bias-temperature treatment canses “eg!;g' v In these
either interface trap level density or mte.rfacnal charge uni "f)trmley.arallel o
cases the C-V curyes before and after bias-temperature drift ar "zl allel to
¢ach other. Then the flatband volt'age shift is simply thq pa.n: e ne trg
shift. For those cases where sigmﬁgant ghanges occur in Inté e fo‘l)-
level density or jnterfacial charge um.form.lty, a more acculrate m
obtaining sodium ion density i descnbed_m Sfactlon_(c) be gw-c V charac.
Figure 10.5 jllustrates the eﬂ‘ecg of sodlun.-n.non drift on t e t-f e
teristics of an MOS capacitor with a negligible ch§nge qf lanzru%;e 10 5p
level density and no gross interfacial charge nonuniformity. Fig 10 a
shows the shift of the C-V curve along the voltage axis before ;n ad.er
bias-temperature aging, and Fig- 10.5b shows the charged so 1u1m. tils-
tribution in the oxide corresponding to each C-V curve; C.-V curve dlsft e
original C-V curve measured at 1 MHz, and C-V curve 2is measur:: after
heating for S min at 150°C with — 10 V applied to the gate. For bot cases,
ionized sodium ig piled up at the metal-oxide intel:facfa so that the image
charge is induced primarily in the metal and there 1s v:rtua.!ly no eﬁeqt on
the C-V curve. Then C-V curve 3 is measured after heating for 5 min at
150°C with +10 V on the gate. Now, the jonized sodium has.drlfted tlo the
Si-Si0; interface, where it induces a large image charge In the silicon,
causing a large shift of the C-V curve toward more negative t:las \:alues.
Finally, C-V curve 4 is measured after heating for 5 min at 150 C with the
gate shorted to the substrate. The C-V curve has returned to its initial bias
range because the sodium ions have drifted back to the metal elgctrode.
The sodium ions end up at the metal-oxide interface under a zero apPlled field
because the activation energy there is greater than at the Si-SiO: lpterf:ace.
A very important observation is that the same number of sodium ions
can be cycled back and forth between the silicon and metal electrode§ a
number of times * Therefore, sodium ions do not exchange charge with
either electrode and do not become discharged even though they pile up to
within tunneling distance at each electrode.t As a consequence, the ion
distribution for moderate concentrations is frozen in at room temperature

*An exception is in oxides grown in an ambient containing chlorine (see Section 15.3).
tAn electrode at which jons do not discharge is called a blocking electrode.
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Fig. 10.5 (a) Plot of C/Cox versus gate bias measured before and after sodium drift.
Oxide is thermally grown in “*dry” oxygen to a thickness of 2000 A. Acceptor density was
1.5%10"cm™. After Snow et al.® (b) Charged sodium distribution in the oxide cor-
responding to the various C-V curves in (a); Qm is the ionized sodium charge density, Qa
is the image charge density induced in the metal by Qm, and Q. is the image charge
density induced in the silicon by Qm. After Snow et al.’

after drift at higher temperatures. This fact is the basis for the c-vV
method.

.This failure to discharge, along with the high mobility of sodium ions in
Si0;, causes large instabilities in silicon devices. In contrast, mobile ions
?hat become neutralized at either electrode can contribute only a transient
instability during transit from one interface to the other and once dis-
charged at an electrode, contribute no further instability. The observation
that sodium jons do not discharge at the electrodes is limited to tem-
peratures below 390°C. Chou® has shown experimentally that sodium ions
will begin to discharge at temperatures above 390°C.

The number of sodium ions that can drift in the SiO: is limited by
emission from the interface where the sodium initially was located (see
Sect_lon 15.3 and Chapter 16). The sodium ions must overcome energy
barriers at this interface before they can drift across the oxide. Therefore,
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. oy e 10
ation energies associated with ion drift.'® The

franc s 2 distribution of zmtivoncentration that becomes ionized and drifts

fraction of the total sodium €

is tem erat * . . . .
Aftel:' me:'::,gepe:;ie::nount of ionizable sodium in the oxide, the next
ng

i to device stability. Sodium ion

Problem is measurement ; !

densities I;, :ﬁe rle latel (;'l‘]"zm" range drifted at 200°C are considered toler
ow

i icati jum ion
able for most integrated circuit applications, and such low sod

densities routinely are achieved in manufacture as described in Section

153.4
The i i d at a temperature
The sodium j ncentration usually is measured
above the oper‘aot?n Cotempel'at""e of the device. This is done to Ii(;t;zt
Smaller sodium jon gdensities than are detectable at ogeratmg t(:?ges odiurr;
It is difficult ¢ ..+ from high temperature data the amount of so
that would dri?t zeg'c;raling temperature because there is 2 dlst;lbmlor;? of
activation energies F;'or sodium ion emission frc;mhthg .;rtlt;l‘ :;zst;nt 2;
: i the drifte
example, extrapolation using an Arrhenius plot of the critte

i agai i njustified. In prac-
sodium against the reciprocal of aging temperature 1s U )

i : i ifted at aging tem-
tice, the processing is adjusted until the amount drifte :

: g is ac) i unt drifted at operating
Perature is sufficiently small that even if that amount crl ) 4
temperature, deviceycharactcristics would stay within .Speflgi(;i&g:‘ltl:-
Because at operating temperature the amount that drifts is sig y
lower than at aging temperature, this approach is conservative.

(c) Triangular voltage Sweep Method

In the triangular voltage sweep (TVS) method a triangular voltage l'tamp
is applied to the gate and jonic displacement current measureth acaa
elevated temperature. This method has four advantages over the C-
method:

1 The mobile jon density is accurately obtained even if mterf'c};:e trap
level density changes significantly by heating or if gross nonunt orm::y
in interfacial charge occurs (e.g., as a result of defect decoraglon). n
example where significant changes in interface trap_level density occur
is an MOS capacitor having an aluminum gate deposited by elecltron-gun
evaporation. X-Rays generated when electrons strike .the molten .alu-
minum target cause ionizing radiation damage in the §|02 as described
in Section 11.¢. Although the electrical effects of this d?mage can be
annealed out, subsequent bias-temperature treatments will cause large
increases in interface trap level density.

2 Different mobile ionic species such as sodium and potassium can be

separated at a given temperature because the peak in gate current
occurs at a different gate bias. The density of each can be determined."
The C-V method would measure the sum total of all mobile ionic
species in the oxide.
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3 Ion densities as low as 10°cm™? ¢y be detected, making this metho
more sensitive than the C-V methog, The greater sensitivity of the T
method makes it possible to m

C-V method.

The one disadvantage of the TV

. . €
. S method is that the analysis is mOF
complicated than that of the C-v

hat method. For the major application ©
monitoring the fabrication process, t
analysis, is used rather than the TVS method. However, the advantages ©
the TVS method warrant its further discussion.
Yamin'? was the first to use the T
SiO,. Kuhn and Silversmith"
TVS method for determining
In the TVS method the M
while a linear voltage ramp
current measured against g
electrode to the other. The
back to the other electrode
tion. The circuit shown in F

mobile ion charge density in SiO..

is applied to the gate and the resulting gat:
ate bias as the mobile ions drift from .ons
triangular ramp voltage then sweeps the ‘.on—
and the measured gate current changes direc

ig. 12.5 and described in Section 12.5.? can ?;
used to measure gate current, and the pedestal design shown in Fig. 12-
can be used to heat and contact the sample.

. . . : t
The idealized gate current as a function of applied bias with and wntholfs
mobile ionic charge is shown in Fig. 10.6. Atroom temperature, gate current!

1

,’ \ctaoo**c.wum MOBILE IONS)
]
I

\
\
] \ B (300°C,NO MOBILE IONS)
~t- A _g(__.
A(25°C)

aCox /] acmin

aCirlvg)
= 6) *

GATE BIAS

Fig. 10.6 Gate current as a function of gate bias in response to a linear voitage ramp in
an MOS capacitor having a p-type substrate. Curves A (25°C) and B (300 C) would be
measured when there are no mobile ions in the oxide. Curve C is the displacement
current due to mobile ion drift from the oxide bulk to an interface. A'fter Kur}n and
Silversmith 13 Reprinted by permission of the publisher, The Electrochemical Society.
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d
vS

. . easure sodium ion drift at lower tem”
peratures than possible with the

The TVS method is faster than the C-V method because only one curve
is needed and the sample canp remain heated for many measurements:

A r
he C-V method, because of its simpl€

ey 2 in
VS method for detecting mob.'le ‘onstI:C
and Chou® discussed the application of

oo C e
OS capacitor is held at a constant temperatur

437

Oxide Charge

) . own in curve A.
i ency differential capacitance sh s described in
proportional to the low frea¥ s in an increase of CrinlCor 2

An increase in temperature r::: ]:YPically about 300°C, gateccu:: :l:o(\):nai:
Section 3.24. At temperawmes nearly constant and equal to :;;' n; at 300°C,
llncontamm_ated device beco itance results from the large valuec However.
cuhrye B. 'I;(hls constant canfcace capacitance large comparz‘;“"‘e ;; Vo =0 is
:; lacol:)?z:a \?/ist;]hen::g;n ?:ns present, a gate curr.ent pe

P n curve C. .
superposed on the C-V characteristic, as shown 1 o+ large negative gate

arises as follows. .
The peak in current of CaurrCVZtCthe metal-oxide interfa?eér:::est,h:l ogbai;e
:las all t;1he mobile ions artional to Cox-. As gate voltage:t;‘r:g o mereasing
Current that ﬂpws is propd the Si-SiO; interface, attractin o movement
lons begin drifting towarhe silicon surface. That is, thf".lo hrough the
number of electrons totlo fAow from the gate to t'he snl:;c;ncu"em ks
;:iltlsesale :itrra N lec“o“; increasing gz.ue ct_lrrent. Th'IS e)t(!:e ® cide layer. As
ern cuit, thereby of mobile ions is traversing ¢\ the Si-SiO;
when the largt_:st .numberd rurther, mobile ions pile "pf ?ls he Si=S10;
igate fvolta%:e is |pcrea§§w and the excess gate currer‘lltavfil3 piled up at an
arl‘lter:;:l;i.e ioel:‘sletrh::nji" drift at the given temperatu;itiona‘ b Car
interface. Then the gate current again chomes propture ' proportional 1o
The mobile ion density drifted at a given temper: e tonic Hotion. To
the area under the peak in the gate current caus.ed Za Is defined as
show this, we determine the gate current per unit ar

o (10.11)
T

. ity as
where Qg is the gate charge. giVen by charge neutrality

QG = -—Qm_Qol‘QI_Qil—Qs'

e total amount is time in-

(10.12)

h

Although th e charge Qum moves, t fin
depe?rdgent. fheﬁ(;z',l: taking time derivatives of (10.12), we

dQu _dQ, (10.13)

N . e Q: and Qs to
If V5 varies slowly enough. the equilibrium expressions relat Qu

the band beﬂding W (1) Under these conditions

.14a)
dQu _ (o o dv, (10
- dt = Cu(\l’s) dt
" (10.14b)
Q. _ dy, )
- dt C,(',ll,) dt
To find (dys/dt), we use Gauss’s law in the form (10.15)
Cox(Vo — Vs = ¥:) = ~Q,(¢h,) — Qu(¥:) '
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where Vg, Ves, and ¢, all are time varying. Taking time derivatives of
(10.15), we find

gﬂ{=d(V6- VFB) Cox (10.‘6)
d‘ dt Cox + Cs + Cil )

Substituting (10.14) in (10.13) and using (10.16), we obtain Ig

Ic = CLF(VG) d(VGd—t' Ves) (10.17)

. . is
where, as usual, the low frequency MOS capacitance per unit area Cir }
defined by

=c, —Cs+Ciu (10.18)
Cor=Cog C.+Cy

As shown in Fig. 10.6, to a fair approximation at elevated temperatures

CrLr = C,. (10.19)
Also, we use a linear voltage ramp, so
dvs _ (10.20)
dat ¢

where « is the constant voltage sweep rate. If we substitute (10.19) and
(10.20) in (10.17), Is becomes

~ _dVep (10.21)
IG Cox (a dt .

If we take aC,, to the left of (10.21) and integrate from a gate bias (— V) to
a gate bias Vg, (10.21) becomes

Ve Vg
[ avotto-aCu1=-cuc [ avs (LYen)

~Ve -Vg

HVg)

- uC,, dVee
oC «-‘L) dt ( dt )

= —aC, {V - [t(— Va)l}

{Veslt(Vg)]— Ves (10.22)
The i“.tegral over gate bias on the right of (10.22) is made into an integral
OvVer time using (10.20). The integral on the left of (10-22) is the area
between the I5-V; curve and the straight line I; = aCos representing the
gate current of the MOS capacitor when no jons move. The right side of
(10.22) can be evaluated by using (10.9). We suppose that at the time when
the gate bias was -V, at time t(—Vg), the mobile charge centroid was

X(= Vo). Similarly, when the gate bias was Vv, at time t(Vs), the centroid
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was X(V;). Then (10.9) provides
vy = 2 (2(Ve) - X Vel (1023)
VFB[!(V(;)] - VFB[t(-— G €ox

i , (10.22
Where N,, is the mobile ion density per unit area. Therefore, ( )

becomes
Vo f(VG) - x(- VG)]. (10.24)
f dVelle — aCas) = aqNm | =5 Xo
e ids i i d time
ds in (10.24) are bias an
For sufficie i times, the centrol : oAt
independent. Conseaoenty (1024 shows e or 2 ey DI 300
tem i ke CLF = ox 3 . . .
in e‘;(i:;: rgfs ;s"mc'ecf" t‘(s) ::;portional to the mobile ion density per unit
G = (4 ox
a H 4 —
'?(-) use (10.24) to estimate Nm, one ordinarlly assumes vaa)'ﬁv?ig:
drifted to the gate). These assumptions probably are va

T T T
T v !

GATE CURRENT (X 107 amPs)
Py

Al ]
2} R
s J
Cd
of + .

GATE BIAS (VOLTS)
Fig. 10.7 Gate current as a function of gate bias measured at 202°C on a heavity
contaminated oxide. The substrate of the MOS capacitor was an n-type silicon epitaxial
layer 5 £ m thick with a resistivity of 1 Q-cm and a (111) orientation. The oxide was grown

in an oxygen plasma to a thickness of 1000 A. The gate was Cr—Au, with anareaof 1.3 x 10°cm?

Voltage sweep rate was 77.5mV/sec. After Kuhn and Sliversmith.** Reprinted by permission of the
publisher, The Electrochemical Soclety.
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Figure 10.7 shows an I5-Vs curve measured at 202°C on an oxide
heavily contaminated with sodium. The sweep from positive to negative
gate bias (left to right) where the ions drift from the Si-SiO; interface to the
metal-oxide interface is shown in the upper curve. The area under this
curve corresponds to 2.5x 10" ions/cm®. The sweep from negative to
positive gate bias (right to left) where the ions drift from the metal-oxide
interface to the Si-SiO; interface is shown in the lower curve.

The most striking feature of these curves is the strong asymmetry of the
Ig-Vg characteristics in the two sweep directions. Reasons for this asym-
metry are described briefly in Section (e) below. The areas under both
peaks in Fig. 10.7 are identical so that all ions transported toward the
metal-oxide interface can be returned to the Si-SiO. interface. The areas
under the peaks are independent of voltage sweep rate if the range of bias
variation is sufficient and if the time spent at extreme bias is long enough to
achieve a time independent pile up at each interface.

Our derivation of (10.24) does not require a detailed understanding of the
time dependence of Vgg. This is fortunate because ionic transport alone is

not sufficient to model Vg As discussed later, mobile ion motion is
dominated by interfacial barrier effects.

(d) Other Measurement Methods

The electrical methods described in Sections (b) and (c) above are the
most sensitive of the methods used to detect sodium. However, the
electrical methods do not measure the neutral sodium profile or the sodium
in chemical reagents. Analytic methods used for sodium profiling are the
radioactive tracer method,*" neutron activation analysis">' described
briefly in Section 11.4.1(a), flame photometry,'> ' and secondary ion mass
spectroscopy'’ (SIMS).

In SIMS the mass spectroscopic analysis of secondary ions proceeds
simultaneously with the sputter etching of the oxide by primary ions.
However, sodium becomes mobile"” in the electric field created by the
primary ions, so that only the total amount of sodium and not its profile can
be measured. Secondary ion mass spectroscopy is the only analytical
method whose limit of sensitivity is comparable to the electrical methods,
but as work with this method has been confined to small sample areas, its
full sensitivity has yet to be exploited. This method requires complex
instrumentation and is destructive to the sample. Therefore, it is not used
as widely as the other analytical methods.

Among the methods that require a large sample area, the radioactive
tracer method combines sensitivity with simplicity. Neutron activation
analysis is possible because sodium incorporated “in process” can be
ag:]tivated and detected. However, this method requires access to a nuclear
pile.

The least sensitive but simplest analytical method is flame photometry,
which is used in monitoring sodium contamination of chemical reagents

Ref.
1,3, 14
4,14
15,16

17

13

Na lons
10°cm™
10°cm™

Sensitivity

Na Atoms
10"'-10"
10"-5x 10"
8x 10"
~10°

Limiting Factors

liquid sample required
2. Sodium contamination of HF

area (~10"°cm™)

solvent

of Na
2. Usually small sample

2. Background radiation

1. ®Na/*Na< 107 (usually)
2. Background radiation

1. Minimum volume of

1. Ionization efficiency

1. Neutron flux

Isotope, **Na; half-life, 2.6 yr, y-ray
Sodium emission 5890-5896 A

Isotope, *Na; half-life, 15 hr; y-ray
emission at 0.51 MeV

emission at 1.4 MeV and 2.75 MeV

Radioactive tracer
*Na; O3 primary beam

Table 10.1 Commonly Used Techniques for Detection of Sodium in SIO; Films.

Neutron activation analysis
Flame photometry

Secondary ion mass spectroscopy
C-V method

Triangular voltage sweep

° After Kriegler.'®

Method
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used in integrated circuit processing. In this method sodium atoms in
solution are atomized into a flame* that excites the characteristic sodium
emission line. The intensity of the emitted light is directly proportional to
the number of sodium atoms excited by the flame and thus to the sodium
concentration in the solution. The sodium emission line is resolved by a
monochrometer and detected by a photomultiplier tube. The instrument is
calibrated with standard solutions containing a known amount of sodium to
establish a relationship between the emission intensity of a known spectral
line and the concentration of sodium in solution. Similar intensity
measurements are made on the sample solution and converted into con-
centration by using the calibration curve.

These analytical methods are summarized in Table 10.1, which also
shows, for comparison, the two electrical methods. The sensitivity of the
C-V method in Table 10.1 is based on x, = 1000 A and a detectable voltage
shift of 0.1 V assuming no change in interface trap level density. Although
a smaller voltage shift could be measured, the extra effort required would
nullify the simplicity of this method; thus the TVS method might as well be
used.

(e) Kinetics of lon Drift

Hofstein® was the first to observe that the bias-temperature drift of
sodium ions from the silicon to the metal was much faster than the drift
from the metal to the silicon. The mobility of sodium ions in the silica bulk
has been estimated to be about 4 x 1072 cm?/V-sec at room temperature. ' 1
In the MOS capacitor, the rate limiting step appears to be emission over an
energy barrier from the interface. The energy barrier appears to be higher at
the metal-oxide interface than at the Si-SiO, interface, accounting for the
asymmetry observed in Fig. 10.7.

Ionic transport through the oxide can be studied without the com-
plications of interfacial detrapping.'®'® Such studies are based on obser-
vation of the time derivative of flatband voltage, as observed using the current
given by (10.21), for example. As explained earlier, as ions detrap and drift
across the oxide, the current rises until all the available ions detrap, and then
Saturates while all the ions are in transit across the oxide. When the ions begin
to collect at the opposite electrode, the current drops toward the baseline
value again. The time period between the current’s initial rise and its drop is
the time for the leading ions to traverse the oxide.

On the basis of crude assumptions of constant drift velocity and negligi-
ble influence of the ionic charges themselves on the field, Stagg'® found that
his transit time measurements implied an activated bulk mobility in dry
oxides of the form p = pu,exp(—qEJ/kT). Here, for sodium, p,=~

*An oxyhydrogen flame is commonly used.
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lem?/V sec and E, = 0.66 eV and for potassium, u, = 0.03 cm?/V sec and
EA =1.1eV.*

Sodium ion emission from the electrodes has been studied using two
methods:'*2*?' the isothermal transient ionic current (ITIC) method and the
thermally stimulated ionic current (TSIC) method. In the ITIC method ionic
displacement current is measured as a function of time while the MOS
capacitor is held at an elevated temperature with a field applied across the
oxide. In the TSIC method ionic displacement current is measured as a
function of temperature at a given applied oxide field. These two methods
are useful mainly for research studies of ion emission from the silicon and
the gate electrodes. The understanding of ion emission from the electrodes

gained from these methods is at an early stage. These methods are not
discussed further.

10.3 INTERNAL PHOTOEMISSION

Internal photoemission is used to determine the energy barrier between
silicon and the conduction band of SiO,t and the energy barrier between
various gate metals and the SiO, conduction band. The barrier heights
between the gate metal and Si0; and between silicon and SiO; can be used
to estimate the work function difference between the gate and the silicon.

This measurement, described in Sections 11.4.2 and 11.4.3, provides a
check of the directly measured work function differences described in
Section 10.4. The measurement of the SiO, bandgap energy is described in
Section 11.6.5(a).

In this section the use of internal photoemission to determine electrode
energy barriers is described. Of the many approaches to the use of
photoemission,” we restrict ourselves to those used on the MOS system.
Sections 11.2, 11.3, and 11.4 discuss the use of avalanche injection and
internal photoemission to study trapping phenomena in SiO,.

No appreciable current flows between the metal and the silicon in the
MOS system when fields below the dielectric breakdown strength of the
oxide are applied because (1) SiO, is an insulator with a wide bandgap
(8.8eV)” (therefore, free hole and electron densities intrinsic to SiO, are
negligible at all temperatures of interest) and (2) electrons (or holes) in each
electrode must overcome large energy barriers (several electron volts) to
enter the SiO, as free carriers (therefore, injection of holes and electrons
into the SiO; is difficult, limiting current flow).

*These measurements were made using a voltage step method rather than the TVS method.
When a voltage step is used, the oxide field in the absence of ionic charges is constant, rather
than linearly increasing as with the ramp method.

tThe term *‘conduction band" is applied loosely to SiO,. In an energy band an electron is not
localized at a particular lattice site but is free to move about the entire crystal. The band
assumption may not apply to thermally grown SiO,.



