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Measurement of Energetic and Lateral Distribution of Interface State Density in Fully-Depleted
Silicon on Insulator Metal-Oxide-Semiconductor Field-Effect Transistors
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A new modification of the charge pumping (CP) technique based on the effect of reverse pulse bias on suppression of the
geometric component is proposed in order to accurately determine the energetic and lateral distribution of interface state density
(Dy) in fully-depleted silicon on insulator metal-oxide-semiconductor field-effect transistors (FD SOl MOSFETS). A compari-
son of the conventional CP techniques with the proposed method is also presented. It is demonstrated that using the proposed
method, the precise estimation of the energetic and lateral distributidp cdn be simply obtained without interference from
the geometry-dependent effect which often leads to the great difficulties in data interpretation in the conventional CP methods.
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of the other type of carrier. The carriers that are left behind

will recombine with carriers of the other type and therefore
The interface between the silicon substrate and the gate aa additional component of CP current that does not involve

ide in the active region of a metal-oxide-semiconductor fielcthe interface states arises. This parasitic component gives rise

effect transistor (MOSFET) plays a crucial role in determinto an overestimation of interface state densbg). The ge-

ing the device performances and affects the reliability andmetric component is not often observed in bulk or partially-

lifetime of the device. The measurement and characterizdepleted (PD) SOI MOS transistors.

tion of the interface states are needed to understand the origirHowever, in FD SOl MOSFETS, particularly in very thin

and physical properties of the interface states in a MOS syféim SOI structures, where the resistivity of the body region

tem. Interface states can capture and emit charge carriers @édenerally high, the CP current tends to have a very large

the amount of charges in the interface states determines teometry-dependent compon@mesulting in an overestima-

device parameters. tion of Di. A detailed discussion of the geometric effect in
The charge pumping (CP) technidog has evolved into FD SOI MOSFETSs can be read in ref. 7. When the rise and

a sensitive and reliable method to study the interface chéeall times are relatively long, i.e. the measurement frequency

acteristics in a MOSFET. The major advantage of the CR low, this undesirable component is negligible but the sensi-

technique is that it is available for direct measurement of thivity is severely reduced due to a low signal/noise ratid.pf

interface characteristics not only in a bulk MOSFET but alsand thus the use of the CP technique is limited to only large-

for characterizing both the front and back interface propertiegea devices. Therefore, the new method to suppress this

in a SOl MOSFET® component and enhance the sensitivity is strongly required
The experimental setup for charge pumping measurememnksthe devices are scaled down. We have already developed a

in a SOl MOSFET is shown in Fig. 1. The gate is connectedew measurement technique using the reverse pulse (RP) bias

to a pulse generator. The source and drain are connectedt®wsuppress the geometric component in FD SOl MOSPET.

gether while the body is grounded through a DC ammetan the present work, we extend this method and apply it for

The principle of conventional CP is described in detail inhe accurate measurements of energetic and lateral distribu-

refs. 2 and 3. When a gate pulse of sufficient amplitude tgons of D, in FD SOl MOSFET by the RP charge pumping

invert the surface is on, electrons flow to the surface from th@ethod.

source and drain. The surface states capture some of the in-

version electrons and become negatively charged. When the

pulse is off, the inversion layer electrons immediately flow

back to the source and drain, while the captured ones are still

retained by the interface states and recombine with the in- Il Back Gate .o

coming holes from the body. Similarly, when the gate surface ——— | I

is pulsed from accumulation to inversion, the trapped holes| generator [ |

recombine with electrons from the source and drain. These SO = T

recombinations give rise to a DC curreigs. By measuring i e ht %\‘

this current, the interface state information can be obtained. Buried Oxide SN
A major problem of the CP measurement on MOSFETSs is AN

the so-called “geometric component” of the CP curfefit,

which occurs if all mobile carriers of one type, electrons (in T Body

NMOSFET) during the fall and holes during the rise of the °

gate pulse, are not removed rapidly enough before the arrival S=

1. Introduction

5| Drain
e

Y

Fig. 1. Experimental setup for conventional charge pumping measurement
*E-mail address: duyet@nanao.iis.u-tokyo.ac.jp on SOl MOSFETSs.
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trons contribute to the CP recombination. Some of the trapped

2. Device

electrons located near the conduction band will be emitted

The devices used in this study are fully-depleted SQduring the fall time before the gate surface becomes accumu-

NMOSFETs as shown in Fig. 2. The thicknesses of the gate
oxide, Si, and buried oxide films are 5nm, 100 nm, and 98 nm,
and the effective gate length and width arer@ and 2Qum,
respectively. For source/drain and the main part of gate poly
regions, phosphorus ions were implanted, while for the body
contact, boron ions were used. It should be noted that boron
ions were also implanted in the gate poly region near the body
contact. More information on the fabricated device parame-
ters is given in ref. 7.

3. Geometric Component and Reverse Pulse Method

Figures 3(a) and 3(b) show the waveform used in the RP 40 —@— V= OV, tf = Lps
method and the typical CP current characteristics obtained in Not having Geometric |
the variable amplitude mode with different rise and fall times 30 }L_Component
(t;, tr).” The observed two stepwise increased gfare the t=0.1ps, t; = 1ys
results of the two different h and p~ poly gate regiong) < —— V.0V
Whent, andt; are 1us, no geometric component is observed &, 20f_o Vp = -L6V (RP Method)
and thel, at the first step corresponds accuratelyp As Q | —=0— v, =-2V (RP Method)
t. decreases to 0/1s, the first step increases significantly due 9 Without Geometric
to the additional geometric component resulting from the in- 10t Component
efficiency of hole collection by the body contact. As shownin
Fig. 3 (b), by applying the RP big¥,) equal to—1.6 V to the

body contact only during the rise time, the geometric compo-
nent by holes is completely suppressed evenisf0.1us.

The result at a very low/, (—2V) is nearly the same as
that of V, = —1.6 V, showing that the RP method also avoids
the reduction of the effective channel length which is undesi
ably observed in the DC body bias techniGu@he geomet-
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(b)

r:_ig. 3. (@) lllustration of pulse voltages applied to the gate and the body in
the RP technique. (b) Charge pumping current as a function of the top level

ric component due to electrons, which is not observed in thisof the gate pulse under various rise and fall times in a FD SOl MOSFET.
sample, can also be suppressed by the RP bias to the sourdtesults atalong (1s) do not have any geometric component.

and drain only during the fall time.

4. Energetic Distribution of Interface State Density

i I . Vg 4 temh teme
The energy range 'of interface states cc')ntrl'butmgcga.s g =%, nversion e,
determined by emission processes occurring in depletion and : /—\ ;
weak inversion, assuming all traps are filled with majority " N Vih
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Fig. 4. (a) Waveform of applied gate pulse used in CP measurentgnis.
andtem e determined by, andts are the times for trapped holes and elec-
trons to be emitted when the gate surface is pulsed from accumulation into

|X| inversion and from inversion into accumulation, respectively. (b), (c) lllus-
Gate trations of emission processes of the trapped electrons and holes turing

andt;. Only traps having an energy betweBgmn ~ Eem,econtribute to

Fig. 2. Top view of the fabricated SOI devices.

the l¢p.

2,8)



2498 Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 1, No. 4B T. NLYET et al.

lated. The fall time of the gate pulse determines the electravhereq is the electron chargély is the channel area of the
emission level E¢m ¢ and only the trapped electrons below ittransistor and is the frequency of the gate pulse.

contribute tol,. Similarly, when the gate surface is pulsed The following expressions OEemy and Eeme Can be de-
from accumulation to inversion, there is a hole emission leveived according to the theory of emission of carriers from the
(Eemp) and only trapped holes located above it contribute teurface stateS.

Icp as shown in Fig. 4(c). Whetaandt; of the gate pulse and Vinh — Vi
consequently the emission times of the trapped hdlgs, Eemn= Ei +kTlIn (”thani A—Vg tr) ®3)
and the trapped electrortem ) are long, the emission lev-

els are shifted to the midst of_the band gap. On the contrary, Eeme= Ei — kT In (vmoni Vih — Voot tf) 4)
whent, andt; and correspondingly the times for these holes AVy

and electrons to be emitted are short, these levels are locaiffereE; andn; are the intrinsic Fermi energy and concentra-
near the band edges. The principle of the conventifal tion, vy, is the thermal velocity of the carriergy, and Vi are
method is that by changing, andt; of the gate pulse as il- the threshold and flat band voltages of a device.
lustrated in Fig. 4(a), the energy range that is attributed to theln the RP method, the reverse bias applied to the body con-
CP will change and from the derivative of thg with respect tact leads to an increase W, and a decrease . As a
to these times, the energy distribution@f can be calculated. result, the time for the trapped holes to be emitted becomes
Figure 5 shows thé andt; dependences dfy, in a FD  longer compared with that of the conventional method. It
SOl MOSFET. Whert is 1 us andt; is varied, ¢, increases should be noted that a change\f and Vs by the reverse
rapidly att, = 0.1us due to the geometric component, in-bias can be simply estimated using the conventional variable
dicating that an accurate energetic distribution cannot be obase CP mod®.
tained. The geometric component due to the electrons doeUsing egs. (1)—(4), the energetic distribution @f with
not occur in this device because the channel lengingdn  and without the RP body bias can be evaluated as shown in
this case) is short enough for the inversion electrons to florig. 6. When the RP method is not used, the extra®gd
back to the source and drain during the fall time of the gaf@creases rapidly near the valence band edge. However, by
pulse. Therefore, whetais 1us andts is varied,l¢p just in-  applying to the RP bia¥, = —1.6V, an accuratd®;; can be
creases gradually because of an increase in an energy raggeluated. As explained above, due to the reverse bias at the
which can be scanned by the gate pulse with diffeterithe rise time, the hole emission time becomes longer, therefore,
result using the RP method is also demonstrated in this figutbe measurable energy range is shifted to the midst of the en-
The reverse pulse bias is applied to the body contact in agrgy gap in the RP method.
der to improve the hole response and subsequently effectivelyAs shown in Figs. 5 and 6, whep larger than B us is
suppress the geometric effect. The parasitic geometric comsed, the influence of the geometric effect is avoidable for the
ponent is negligible and no rapid increasel ipis observed devices used in this study. However, the long rise and fall

even at, = 0.1 us. times of the gate pulse cannot be freely chosen in the high
Di; obtained from the derivative d§, with respectto thés  frequency measurements that are essential for scaled devices.
andt; can be written as follows Therefore, the proposed RP method will become more impor-
t, dlep tant as the device size shrinks.
Dit(Eem,h) = - ' (1)
QAKTT dt 5. Lateral Distribution of Interface State Density
Dit(Eemo = — i ) dlep ) The lateral profile ofD; can be obtained by applying the

qAKT  di DC reverse bias'? to the source and drain or the body con-
tact. The principle of this DC technique is to use charge
pumping to detect the integrated amount of interface traps

20
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Fig. 5. Rise and fall ime dependencelgfin a FD SOl MOSFET. Accu- Fig. 6. Energetic distribution of interface state density with and without
rate rise time dependencel@f is obtained when applying a reverse pulse the body reverse pulse bias. An overestimatiolgfin the conventional
bias ofVp, = —1.6 V to the body. method is resolved by applying the reverse pulse bias to the body.
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Fig. 7. (a) Experimental setup for determining lateral distributio®gfn b
the DC reverse bias method. The DC reverse bias is applied to the body ( )

contact to vary the depletion layer widths near the source and drain. (b) . - .
Interface state density as a function of distance between the source i@ 8- (@) Experimental setup for determining lateral distributioDgin

drain. The DC reverse technique is inapplicable whamdt; are short. the proposed RP method. Instead of the DC bias, the reverse pulse.bias is
applied to the body contact. (b) Waveform of the pulse biases applied to
the gate and the body in the RP technigugis fixed to suppress the geo-
. . . . . . metric component whil&/, is varied in order to control the depletion
while varying the size of the region from which the interface |ayer Width.p asep P
traps can contribute, by modulating the source and drain de-
pletion widths.

In our experiment, the reverse bigsis applied to the body

) ) . 7 4x1012 Vg = 2.5V, Vgh = 0.8Y, Vpack = 4V
contact to control the depletion widths as illustrated in Fig. O g Lk
. . nlB -O— ethod ty = 0.1ps
7(a). In general, the CP current is given'ty ax1012] &— RP Method (= 01us
Xp & (Shortt; and ty)
lep = f-q-W gAWwdx (5) £ Influence of
Xs 19 2x1012} geometric component
J (Conventional) ~a
where > '
()
— Suppression of
2esi€g 1/2 1/2 'Q_l)(lolz [ Geometric Component
XS - q—NA x [(Vb + 2@,:) - (ZCDF) / ] (6) / (RP II\/Iethod’)) \
000000880 0000000
s O %0 o1 o0z 1s 1.9 20
Xp = Leff — x [(Vo +20p)"2 — 200 Y?] (7) Source X [um] Drain

. L Fig. 9. Comparison between the measured lateral distributioriz;dby
AUs is the change of surface potentidlis the frequency of  the DC and the proposed RP methods for a very sherf0.1.s). An

the gate pulsespr is the built-in potentiall ¢ andW are the accurate result oby is obtained by the proposed RP technique while the
effective length and width of a device. overestimation oDy is evaluated in the conventional DC method.
With a floating source contact and a different body bias, the
source end of the depletion regidf; in the channel is fixed,
but the drain depletion edge increases. After measuring tke 118) is long enough for holes to flow back to the body
lp given by eq. (5), the lateral distributiddy near the drain during the rise of the gate pulse, a precise value for the lateral
end can be obtained by straightforward calculation as followd§stribution can be estimated. However, in the sfipend
1 dx dl small DC body bias, the geometric component leads to an
Dit(Xp) = « ( D> . < °p> (8) overestimation oDj.
fFaWAWs(Xp) db d\b To overcome this difficulty, instead of using the DC bias, a
The distribution ofD;; near the source end can be similarlyreverse pulse bias is applied to the body contact as illustrated
obtained by floating the drain contact and varying the bodin Fig. 8(a). Figure 8(b) shows the new RP waveform used in
bias. the proposed method, where the top le¥4) (of the RP body
The experimental results are shown in Fig. 7(b). When bias is kept constant during the rise time to suppress the ge-
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ometric effect and its base lev@yase p is changed in order expected to be more powerful in scaled FD SOI devices, in
to vary the depletion widths. This waveform expands the devhich a high frequency CP pulse, and consequently a small
pletion regions while suppressing the geometric componemise and fall time must be used to improve the signal/noise
Therefore, the laterdD;; distribution can be accurately deter-ratio.
mined.
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