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A Unified Approach to Profiling the Lateral
Distributions of Both Oxide Charge
and Interface States in n-MOSFET's
Under Various Bias Stress Conditions
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Abstract—A new and accurate technique that allows the si- electron or a hot-hole stress condition but not for both. In
multaneous determination of the spatial distributions of both g recent paper by Tsuchiakt al. in [6], only a special case
interface states(N;;) and oxide charge(Qox) will be presented. = ¢4 qetermining()., is dealt with. On the other hand, there are
The gated-diode current measurement in combination with the - ox ' . '
gate-induced drain leakage (GIDL) current were performed to basically three dlfferent stress_ed conditions for hot electron or
monitor the generation of both N, and Q.. in n-MOSFET's. A hot-hole stress, i.e, the maximum substrate current (we call
special detrapping technique and simple calculations have beenthis /g ax condition), the maximum gate current (we call
developed, from which the spatial distributions of bothNi; and  this I ... condition), and hot-hole stress conditions. The
Qox under various bias stress conditions, such as the hot-electron above 7three cases can only be restricted to the special stress
stress(I¢:.max ) IB,max, and hot-hole stresses, can be determined. o .

The calculation of gated-diode current by incorporating the conditions such.as either hot electron or hot-hole stress. As.a
extracted profiles of N;; and Q.. has been justified from nu- consequence, different approaches should be taken to deal with
merical simulation. Results show very good agreement with the different stress conditions. It is the purpose of this study to find
experimental results. The extracted interface damages for hot- g generalized method that can be used to determine®gth

electron and hot-hole stresses have very important applications 544 7. for devices stressed under various hot carrier stress
for the study of hot-carrier reliability issues, in particular, on

the design of flash EPROM, EPROM cells since the above blases.' . -
stress conditions, such as théq max and hot-hole stress, are the [N this work, we will develop a method for profiling both
major operating conditions for device programming and erasing, hot-electron-induced and hot-hole-induced interface damages.

respectively. It is based on an improved gated-diode measurement technique
with gate-induced drain leakage (GIDL) current as a monitor
I. INTRODUCTION and a new characterization algorithm for determinig and

gj dlg?j;rgaAgFfaFélF:/:/Twiif;:eicntc\;\lljllclién;jht:ec?);?deei?é;zlcla%dcghi:(ra eIn Section I!, the experimental de\(ices and stre_ss condition

Qu, and interface siaté\f at the SiSiO. interface. In the gnrou_ghout this study will be_ descrlbed._ In Section llI, the_
f:}s(t much effort has begn spent to ch;racterize fhe Iocali?rmmpIe .Of anew method using gat_ed-dlode measurement in
past, P %?nblnatlon with an algorithm to simultaneously determine

dIStI’IbL.JtIOH of mterfaqe statesV;; near the drain junction N, and O, will be demonstrated. The results of spatial
[11-{3]; very few studies have been reported on the Spat'("i‘ljstribution of V;:(z) and Q.x(z) at various hot carrier stress
distribution of the localized oxide charg@.. “ o

Previous studies [4]-[6] showed that simultaneous deter conditions will be presented and verified in Section IV. Finally,

nation of the interface statég;, and oxide chargé€,, in MOS e conclusion of this study is given in Section V.
devices are rather difficult and not easy to implement. Thus far,

only a few papers have reported achievement of this goal. The I
method by Cheet al.[4] used the conventional drain-substrate

junction bias method, which will impose unintentional hot- The experimental devices used in this work were con-
carrier damage during measurement. The numerical meth¢ghtional n-MOS devices. The tested samples have.M5-
in [5] needs extensive numerical calculation. Both methodRask channel length and 20w channel width. The gate

can be used to determine bofl; and Q.x under a hot oxige thickness is 7 nm. Thé7 implant is 25 keV, 3x
10'? cm~2 BF,, and the source/drain region was performed
. . . by using arsenic implant with an energy of 80 keV and a
Manuscript received December 6, 1996, revised March 19, 1997. T f 5y 10 ~2 The ch | fil d /drai
review of this paper was arraged by Editor M. Fukuma. This work w: OSQ Of ox cm g ec ann_e profile and source/arain
supported by a grant from the National Science Council, Taiwan, R.O.Qrofile have been calibrated against SIMS data. For the hot
under contract NSC84-2215-E009-053. o _carrier stress experiment, three different bias stress conditions
The authors are with the Department of Electronic Engineering and Instltg%e b £ d. The fi is the h |
of Electronics, National Chiao Tung University, Hsinchu 300, Taiwan, R.O. lave been periormed. e first one Is the hot electron stress
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Vg During the inversion, the electron concentration is higher than
x=0 ? x=L hole concentration at the interface so that interface states do
not contribute to thelgp current. The measured current is
Vs Floatin Vo =-0.15V due to the recombination and diffusion in the p-n junction.

When the channel is in the accumulation, the conditios p

is only satisfied in the gate-drain overlap region. Only traps

in the narrow band betweegy, and ¢. [AX as shown in

Fig. 1(a] contribute to the recombination current. Further,

with decreasingV;, AX moves toward the drain region.

P-substrate The differenceAlsp (Vi) between the measured current of
1 devices before and after stress can be used to determine the
?a) spatial distribution ofN;;. The excess recombination current

Algp after the stress can be expressed as [7]

Igp (arbitrary scale)

154 V
Algp(Vg) = quthaANit(a:)Aa:(Vg)m exp <M>

2kT
1)
where
Sress w device channel width;
fresh _ q unit charge;
Gate Bias Goivaryscale) Ven thermal velocity;
() o defect capture cross section;

Fig. 1. (a) Schematic diagram of gated-diode currentmeasurementsetup,theAx(VG) current path where recombination current oc-

contours okp. and¢;, at a drain voltagd’;, = —0.15 V for a forward-biased curred,;

drain-to-substrate junction are presented. Gate voltagesre varied from N, intrinsic carrier concentration.

inversion to strong accumulation. (b) Qualitative expression of the measured . . .

gated-diode currertt/;;y) for device before and after the stress. According to (1), we see thafAx is a function of gate

bias V. If there are oxide trapped chargéd,) in the Az

region, they will cause the variation df;. Note that the
(Ig,max) OcCcurs. The second one is called hot-hole stress igterface states are simultaneously filled with electrons and
off-state stress dtp = 5V andV = —4 V, where the device holes between¢;, andg¢. such that the recombination current
operates in the off state. The third one is called g, {cp occurs only in this region. In the meantime, the interface
stress condition at’p, = 5 V and Vi = 2 V. Gated-diode states betweefp;, andg¢. are neutral such that these traps do
current and GIDL current measurements have been carriget cause the variation df;, whereas oxide trapped charges

out using the HP 4145B parameter analyzer. (either positive or negative) will induce a shift 6Jx/Cox.
In other words, the value dfi; on the right-hand side of (1)
IIl. PRINCIPLE OF THE NEW METHOD will be replaced bW + qQox/Cox if there isQx present at

{;\tion ofz. In this case, for a stressed device including both
technique in [7] and [8] forlV;, characterization and with % % and Qox, the increment of measured gated-diode current

addition of Q.. characterization. The gated-diode currerg) Should be modified as

measurement only requires simple dc current measurement and W 0

yields better spatial resolution such that this method is more Algp(Vg) = quthaANit(a:)Aa: <VG + %)nz

convenient than charge pumping current method. A voltage ox

Vp is applied to the drain to forward-bias the drain-substrate - exp <M) )

junction, and the current is measured as a function of gate 2kT

voltage Vi [Fig. 1(a)]. In this work, we use a drain forward- _ _ _

bias of V;, = —0.15 V, and the source terminal is left floating1€re: the measured gated-diode currédp is contributed

to avoid any potential drop along the channel. A typical I-¢Y POth Nix and Qox. _ _ _

characteristic measured by gated-diode current measurement £25€d on (2), we will provide a new technique to determine

illustrated in Fig. 1 (b), where both currents for a fresh devicgPatial distributions of bothV;; and Q.. based on the basic

and a stressed device can be seen. The difference betw@@igd-diode technique, which can only be used to determine

these two curves shows the additional recombination caus¥g distribution. The neutralization (or detrapping) technique

by the interface state. and simple numerical calculation are used to deterndlyg
According to Shockley—Read—Hall theory [9] and by addistribution. To separate botl;; and Q.x, the experimen-

suming thato,, = 0, = o, the surface component dt:p tal and numerical procedures are illustrated in Fig. 2 and

current is mainly determined by the recombination in th@escribed as follows.

region where the electron and hole concentrations are nearlyl) Measure the gated-diodégp) and gate-induced drain

equal, that is, the surface potential is close to the midgap. leakage(lgmpr) currents on a fresh-MOS device with

The new approach adopts the gated-diode measuremI
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Fig. 3. (a) Measuredgp characteristics of the test device aftRf max
stress a;)) = 5 V and Vi; = 5.5 V. (b) Measured GIDL currents. Curves
(1) fresh (solid line); (2) hot electron stress (dashed line); (3) after hot hole
detrapping (solid circles).

k=k+1
Qox(n,k) = Qux(n.k-1) + AQY
A

Qox(x) distribution will be determined by comparing the
stressedAlsp(Ve) current with the simulated one, which
includes then;, and the superimpose@,, profiles. In this
Qox(x) profiling procedure, there are two iteration loops. The

Fig. 2. Flowchart of a new method to characterize the spatial distributioH3N€r 100p in the flowchart is to determine the value of oxide
of Ni(x) and Qox (). charge at a fixed gate voltage. The external loop varies the gate

2)

3)

4)

5)

voltage such that we can determine the spatial distribution of

oxide charges along the channel directior:; is the total
source floating as shown in Fig. 1. TH&; versusz Number of measuredqp-Ve characteristics. According to
relationship near the drain junction is established by 2-f9is methodology, the profiles aV;; and Q.. for devices

numerical simulation. stressed at various bias conditions, such as off-state, maximum
Measure thdap-Ve and Iap-Vp characteristics for substrate currentis max) and the maximum gate current
devices after the hot-carrier stress. (Iemax), can all be extracted. Details will be discussed in

Use a neutralization (or detrapping) step to neutrali}B€ next section.
(or detrap) the hot-carrier inducég,,,, and ensure that

this step does not cause any stress or chafigéwhich IV. RESULTS AND DISCUSSION
can be verified by inspecting the magnitudelab-Ve
current). A. Damage Generation During Hot Electron Stré$g i ax)

Using the recover current obtained by step 3), we Fig. 3 shows the measurdd:p-Ve and Igmr-Vp charac-

can directly calculate the hot-carrier-inducéd:(x) teristics. Solid lines are the measured current for fresh devices.
by using (1) andVi versus thex relationship. (The pashed lines are the measured currents after hot electron stress
complete recovery of the oxide charge is verified byt Ve = 5 VandVp = 5.5 V. Igp currents will be used

the Iqpr-Vp current). for determining N;; and Q.x, whereasIgipr. is used for

The hot-carrier-induced).(z) is obtained from the monitoring the generation of interface state or oxide trapped
Igp-Ve curve before and after the neutralization stepcharge. Under the above stress bias, it will generate not only

In the flowchart of Fig. 2, the fresh, stressed, and new;; but negativeQ., as well. The peak value afgp-Vg
tralized (or detrapping)/qp-V currents can be obtainedcurve is shifted to a more positive gate voltage region when
by the above experimental procedures (1)—(3). Values e negative),. exists as shown by dash curve in Fig. 3.
6 and AQ represent the chosen convergence criterion fdo extract the distribution ofV;;(x), we must neutralize this
iteration and the increment of oxide charge, respectivel§).x, and it was accomplished by hot-hole injection by the
In this new method, theN;(z) distribution can be first band-to-band tunneling (@p = 3V, Vg = —4.5 V, for
extracted from the difference between fresh and neutralizé@l s), as shown by solid circles in Fig. 3. The step for hot-
(or detrapping)Alcp(Ve) currents by using (1). Then, thehole injection does not cause any change in frésh-Ve
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and Igpr-Vp curves (which are not shown here), and the
peak value ofip-V curve (solid circles) is shifted to more _ , ) ) ]

negative gate voltages, that s, the previous negaive charflies, . o)1eSh&1d SUessi vereusr cunves n wnich te ifrence
can be compensated by hot-hole injection. In addition, we may Comparison between the experimental and calculated gate-diode currents.
observe from the bottom figure in Fig. 3 that after the hot-hole

neutralization step, the GIDL current (solid circles) has been

reached to the original current level at lar§@ bias (e.9.. vy, = —4 V for 5000 s. Thelgp-Vg and Igmpr-Vp curves
Vp>1.2 V). This means that the oxide trapped charge hagr fresh, after hot-hole injection, and detrapping are shown
been filled with holes. The gated-diode curréiié:p) after in Fig. 6 with forward drain-substrate bias &f, = —0.15 V.
this neutralization step is given in the top figure of Fig. 3, ijjere, we use the detrapping step §@ = 3V, Vg = 3 V for
which the solid circles give the current with;, only. 500 s) to detrap the positiv@,. The peak value ofcp-Ve
From the HE-HH curve (curve 3) and the freshup-Ve  curve is shifted to more negative gate voltages after the hot-
current (curve 1),N;;(z) can be extracted using the abov@gle injection and is shifted to more positive gate voltages
method described in Section Ill. Once thé;(x) has been after the detrapping. This detrapping step will not cause any
extracted, we can easily use curve 3 (solid circles) and cur¥fess in freshigp-Ve and IcipL-Vp curves by repeating
2 (dashed lines) in the top figure of Fig. 3 to calculate thee measurement. The extracted spatial distribution’;gfr)
negativeQox(z). The extracted spatial distribution 6f;; and and ,.(z) are given in Fig. 7. The peak value of extracted
Qox are given in Fig. 4, in which the lateral electric field isyositive charges is beyondx 1012 cm—2 and larger than the
also shown for comparison. The location of maximdin and  peak value of extracted interface states. The verification of the
Qox is several hundred Angstroms away from the location @hiculated gated-diode current with experimental data is shown
maximum lateral field (@Vp = 5V, Vg = 5.5 V). Note i Fig. 8. The calculated gated-diode current is matches well
that the simulated maximum electric field is plotted alongjth the experimental results. The bottom figure also shows
the surface direction. We also observed thai and Qox IS the calculated/s-« relationship in which the difference of two

localized in the gate-drain overlap region. Therefore, this resdlirves at any position: is due to the existence of positive
does not change the subthreshold current and is consistent wjth ().

the experimental results (which are not shown here). To verify
the accuracy of this method, the extract¥d(z) and Qox(z) Damage Generation at Maximum
are put into the simulator to calculate the gated-diode currelipstrate CUrmentl s vmax)
from (2); we found that the calculated result is in agreement o ' .
with the experimental result, as shown in Fig. 5(a). The The distribution ofNi't.undgrthe maximum substrate current
versusz relationship due to theVi,(z) and Qux(z) is also (IBmax) Stress condition is well understood [5], but the
shown in Fig. 5(b), in which the solid curve represents tHgPmparison of peak position and quantities fof between the
simulated Vi versusz curve for the fresh device, and thelB.max and o max are as yet unclear. To tell the difference,
long dash curve represents the versusz curve with N;, {ap-Ye and Iaipr-Vp curves for fresh and stressed condi-
and Q.. The difference of these two curves at each positidfPns Underls .. are measured in Fig. 9(a) with a forward
x is due to the existence of negatiig,,. dr_aln-substrate bias ofp = —-0.15 _V and, in Fig. 9(b),
with gate bias oft; = —3 V, respectively. From théqpr,
) current of Fig. 9(b) and the subthreshold current (which is not

B. Damage Generation After Hot-Hole Stress (Off-State Stre%%wn here), we know that th&;, generation is dominant,

To verify the efficacy of the new method, we also implemergnd theQ.. generation is neglected @k ...« Stress since it
this method for the off-state stress conditioVat =5V and can be observed from Fig. 9(b) that tlgpr, currents for
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Fig. 6. (a) Measuredgn characteristics of the test device after hot-hold=ig. 8. (a) Fresh and stressé@; versusa curves in which the difference
stress af’;; = 5 V andV; = —4 V. (b) Measured GIDL currents. Curves for two curves results from the positiv@.x(x) due to the hot-hole stress.

(1) fresh (solid line); (2) hot electron stress (dashed line), (3) after hot-halle) Comparison between the experimental and calculated gate-diode currents.
detrapping (solid circles).

numerical calculation. It is very easy to implement based

— 12 6 = on simple dc measurement, and no complicate numerical
g 10k ] 5’;20 iteration is needed to extraé{;; and Qx.
S o 2) Lateral distributions of bottV;; and@,, can be obtained
= 08 448 under any stress conditions, such/@Suax, {p,max and
T - = hot-hole stresses.
o 06 N 133 3) The gated-diode technique is much better than the charge
t oal {, 03 pumping method in terms of the feasibility for probing
= . . 3 oxide damages deeply into the gate-drain overlap region.
S ool Do~ (’alw cdge | T In other words, the gated-diode technique can detect a
w ' i wider range of damage distribution (see [7], Fig. 7).

0.

03 04 o045 ot 0%d
Position x (um) V. CONCLUSION
In summary, we have successfully demonstrated a new
method to separate th€;, from the,, and to determine their
spatial distributions for devices under various stress conditions

such adq max, Off-state stress, and maximum substrate current

fresh (curve 1) and stressed (curve 2) are the same at lafgi@ses. Several salient features are the following.
Vp bias. The extracted distribution d¥;;(x) and simulated 1) We presenfor the first timea generalized method for

Fig. 7. Extracted spatial distributions aV;:(x), Qox(z) and simulated
maximum lateral field for devices with hot-hole stress in Fig. 6.

lateral electric field af g 1ax Stress are given in Fig. 10. The device oxide damage characterization no matter whether
peak value ofN;.(z) is about 20 nm away from the peak of there are hot-electron or hot-hole stress conditions.

the electric field. We also found that values@f; at /p max 2) The results have very important applications for studying
stress are larger than values Bf . stress due to a larger flash EPROM reliabilities sincégq max iS the operating
lateral field of/g ax than values of ¢ ... Furthermore, the bias for hot carrier programming, and the generaped
lateral fields forlg imax andlq max are all located in the gate- during the erase operation corresponds to the off-state
drain overlap region, but the position £ ...« is far from the stress bias that we used.

drain junction than those dfs .., i.€., the lateral field of the  3) The gated-diode measurement technique is well suited
1o max Stress case is moving toward the gate edge. This result  for probing device oxide damage in the gate-drain over-
causes the peak/;, position of thelp . Stress condition lap region with good accuracy.
located in front of thelg max case. Finally, the developed technique is very simple to implement
Based on the above results, the advantages of the presgnprofiling the hot-electron-induced and hot-hole-induced
method are as follows. damage for submicron or deep-submicron MOSFET's, and
1) N, andQ., can be simultaneously determined by usinm particular, it is useful for flash EPROM,?PROM device
the neutralization (detrapping) technique and simpleliability studies [10].
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