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Abstract— In this work the RF charge pump techniqueis
presented. It is shown that this technique can prade charge
pump data of devices that have a leakage current aohigh for
classical charge pump measurements. The methodologpf
accurately performing RF charge pump measurements si
discussed and measurement results on devices witlth a very
high leakage current and moderate leakage currentra shown.
Charge pump data obtained at frequencies of up to &Hz are
shown. It is verified that the RF charge pump datacan indeed be
used for extracting the interface state density andt is also
investigated how this extraction can be performedcecurately.
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) ] ) . Figure 1: The measured gate leakage current defsity MOS devic
he charge pumping technique [1] is well known ft& i with 1.4 nm thick oxide.

high accuracy of measuring the interface stateitjens . L

the Si-SiQ interface of MOSFET devices and has beeRUMP current can be expressed using the followangaton
widely used for this purpose. With the decreashigkhess of '
the oxide layer in present day CMOS technologies a o
considerable leakage current can be seen whichués td lop = f L8 [D; [A; [AE (1)
tunneling. As an example the gate leakage cuokah MOS
device that has a gate-oxide thickness of 1.4 nshdsvn in
figure 1. This tunneling current can severely dffeéoe
correctness of the extracted interface state defisitn charge
pump data on these devices [2, 3]. This effecliustrated in
figure 2 where charge pump curves are shown that
obtained on a device that has a moderate gatedeakarent
and on the device with the leakage current dersdiwn in
figure 1. From this figure it is clear that the i@ pump
current is completely overwhelmed by the tunnetiogrent of
the ultra-thin oxide and therefore it is not poksitp extract
the interface state density from these measurembmterder
to be able to measure the interface state densityguhe
charge pump technique the tunneling component ef th
measured charge pump current should be made rtﬂgligith Il. MEASUREMENTSETUP
respect to the actual charge pump component. $natbirk this

is realized by making use of the frequency depecelaf the The basic idea of the charge pump technique isamdly

frequency independent. The chargéJaCk- During inversion electrons originating frotme tdrain
and source region get trapped in interface stétéise device

is switched back rapidly, the trapped electronsndb have
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|I. INTRODUCTION

In this expressioAE represents the energy window in which
traps are located that contribute to the chargeppaumrent.
From expression (1) the frequency dependence othhege
pump current is clearly visible. In the classichhrge pump
&echnique frequencies of up to a few MHz are usedhis
work we will show that the tunneling component efyleaky
dielectrics can be overcome by performing chargengpu
measurements at frequencies of up to 2 GHz. We alsib
show the applicability of the RF charge pumpindgteque by
comparing the RF charge pump data to charge pung da
obtained using frequencies in the MHz range.
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a) b) Figure 4 Estimated gate voltage waveform and the harmoaitent o

the time-varying signal. Theoltage is calculated at a frequency

Fi 2: Ch h teristi devicah dliff t gate-
gure arge pump Characietisues on Bevie erent gae GHz, input power of 9.3 dBm and applied bias vadtaf-0.5 V.

oxide thickness. The curves are obtained with siidaé gate voltages of
10 MHz. In a) the charge pump curve is shown fategice with 3nm

thick oxide and in b) for the 1.4 nm thick oxideathhas the leakage . . . Lo
current density of figure 1. explained in [1]. It is similar to the commonly ds®yase

except that not the base voltage level is swept,the mid-
from accumulation; in this way a net amount of geais voltage level of the gate voltage signal. A HP 4AA6
transferred (“pumped”) from the bulk to the draimdasource semiconductor parameter analyzer is used to sewjhi and
regions. By repeatedly switching the gate voltageDC to measure the charge pump current. In order tarataly
current can be measured at either the substrataataor the extract the interface state density from charge pum
drain/source contacts. In this work we have used thneasurements the amplitude of the sinusoidal gatege
measurement setup as illustrated in figure 3. €bedtructures needs to be well known. It is however not straigiward to
used for this work are MOS transistors connected gated determine this amplitude from the power level o #ignal
diode structure (source and drain tied togethehe @evices generator, because of the occurrence of standingsivan the
are optimized for two-port RF measurements in augde cables.
signal-ground configuration. The channel lengttkégt small
to suppress NQS effects and to minimize the gedmetr Ill. RFGATEVOLTAGE ANALYSIS

pompont_ants] of t_he charge pump current. The gate is foldeg frequencies above 10 MHz the wavelength of thaeg
into 20 fingers with conne_ctlons on both ends.dmmon RF voltage signal is in the same order of magnitudéhasength
test structures the well is connected to the soumtethe f he measurement cables used in the setup akfigulf the
structures we used in this work the well is coneécto inn,t impedance of the device is not exactly(BOreflections
ground; this makes it possible to measure the ehagNp || occur at the input of the device. The inputpiedance of
current, by measuring the current at the draintterminal. e device in figure 3 is the impedance of an M@8ick seen
Because of reflections occurring at the input efdevice, itis  fom gate to substrate. This input impedance i bependent
preferable to make use of sinusoidal gate wavefoMde o, the frequency of the gate signal as well asrihgnitude of
make use of use an Agilent E8251A signal genefatothis e gate voltage. For the purpose of RF charge pump
purpose. The DC voltag@h.s is used to sweep the chargemeasurements we want to generate voltage levelisaniarge
pump characteristic through all of the regions pémtion as voltage swing. This means that we must take intmat this
voltage dependence of the input impedance. Usintplsi
transmission line theory it is not possible to fia analytical
J expression to calculate the gate voltage from a&rgigower
level that is available from the RF signal generatoorder to
Signal Vbias Q determine the gate voltage level for the purposéniiface
generator state extraction we have used the following prooedu
ij First we measured the small signgh parameter of the
measurement setup as shown in figure 3 at diffe&htbias
levels using an HP 8510 network analyzer. From dhaig we
Figure 3: Schematic drawing of the RF ger extrapolated the relation between the gate voltage the
pump measurement setup. small signal input impedance. Because of the fhat the
input impedance is voltage dependent, higher haicaoare

Bias T
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Figure 5: Measured charge pump characteristicsdevice with 1.4
nm oxide thickness, for different frequencies. Tgut power is set
so thatVp, = 1.8 V.

introduced by the reflections at the input of thevide.
Therefore it is not possible to determine thatirea gate
voltage in the frequency domain and therefore weutate it
in the time-domain. From the available input power can
calculate the amplitude of the incoming travelingve/\V* gz

We divided one period of this time varying signafoi 200
time steps and for every time-step we numericalyntl the
reflected wave/ 4, S0 that the following relation would hold:

Vg+ate t)- Vg_ate ® - Vg;te )+ Vg_ate (t)
Z, Z,(t)

)

The input impedancg;, is a function of the gate voltadgae
which is equal td/*gate+ Vgate t Vias IN figure 4 an example is
shown of the gate voltage level, estimated usiigapproach
for an n-type device with = 0.15 pmW = 220 pum and oxide
thickness of 3 nm. The frequency and the availploler of
the signal generator are 1 GHz and 9.3 dBm resdgtiwith
a bias voltage of -0.5 V. In this plot also the rhanic
components of the signal are shown. It can be #endue to
the voltage dependent input impedance, higher haioaoof
the 1 GHz signal are present at the gate, but theynot
seriously influence the shape of the sinusoidal ef@m.
Besides this a DC component is also introduced thm
example of figure 2 this is 0.1 V); this does ndtuence the
measurement of the maximum charge-pump current thait
bias voltage generated by the DC source can noetobhg
interpreted as the mid voltage level of the gagmai The
procedure used for the gate voltage level anagjsess a good
estimation of the realized voltage level. Usingsthrocedure
we are able to perform charge pump measurements
frequencies in the GHz range.

IV. MEASUREMENT RESULTS

We have investigated the RF charge pump techniqudtma-
thin oxide devices leaky devices in order to vetifgt charge
pump curves can indeed be obtained on leaky digsct In
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Figure 6: Maxmum charge pump current as a function of frequs
The solid line is fitted to the data using thieeoretical frequenc
response of the charge pump current.

figure 5 the measured charge pump characteristestzown
on the 1.4 nm oxide device with leakage currensrasvn in
figure 1. The peak-to-peak voltage that we hawexder the
gate voltage was set to 1.8 V. This voltage levelsw
determined using the technique as explained incsetit. The
devices used are n-type devices with a channethenfg0.15
um and a gate width of 220m consisting of 20 fingers of 11
um. From figure 5 we see that at frequencies ab®2eMHz
the charge pump effect becomes visible. The chatgep
current at these frequencies is now in the ordeseotralyA
the same order of magnitude as the tunneling curherorder
to extract the interface state density from chamenp
measurements, use can be made of the frequencydizpme
of the charge pump current. In figure 6 we plottie
maximum charge pump currel}, nax against frequency. This
lep,max iS defined as the maximum charge pump currentishat
measured over an entig,s sSweep. At frequencies above 100
MHz we clearly see an increase ligmax With increasing
frequency. The solid line indicates the frequenesponse of
lcp,max@S can be expected from (1). These results irel it
the RF charge pump technique is indeed suitabtebtsining
charge pump curves on leaky dielectrics. In ordetdtermine
the accuracy of obtaining the interface state dgrfigim RF
charge pump results, we also tested this techriquedevices
with a moderate gate leakage. These devices hawexida
thickness of 3 nm with a gate leakage current isosothat
classical charge pump results can also be usedseTtlevices
are also n-type transistors with a channel lendtf.b5 pm
and a gate width of 220m consisting of 20 fingers of 1im.
In figure 7 the frequency response of the chargeppaurrent
ohtained on these devices is shown. The peak-tb-pate
voltage was set to 3 V. The solid line in this figus the
expected frequency response Igfmax for sinusoidal gate
voltages and an interface state density of 2B8 eV'cm?.
From figure 7 it can be seen that the increasenefcharge
pump current follows (1) up to the GHz range.
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Figure 7: Measured maximum charge purourrent plotted agair
frequency for a device having a 3 nm thick oxidee Bolid line is fitte
to the data using the expression for the chargeppeorrent witl
sinusoidal gate waveforms.

V. INTERFACESTATE EXTRACTION

In order to verify whether the RF charge pump témpia can
indeed be used for extracting the interface statasity, we
tested the response of the charge pump curremt toceeased
number of interface states. We generated inter&ates by
applying a constant gate voltage stress to the tBick oxide

device. The tunneling current that flows through giate-oxide
is known to generate new interface states (see[@.g. We

stressed the device for 10 s, 100 s and 1000 sreadured
the RF charge pump curves. In figure 8 the inaeims
measuredlp max With respect to the measurég max Of the

unstressed device is shown. From this plot we lglese an
increase of the charge pump current after newfatterstates
have been generated. The solid lines were fittethéodata
using values for the extra generated interface stansities of
1-10° ev'em? 510° eViem? and 110° eV'em?, for the

stress times of 10 s, 100 s and 1000 s respectikFetyn the
results shown in figure 8 we can safely state tth@iRF charge
pump results are a measure for the interface ditsity. In
order to extract the number of interface statesnficharge
pump measurements with a sinusoidal gate voltagenales
use of the following expression for the charge puwuopent

[1]:

lep :ZktqD_ith D%[ln(Vthni\/UnUp)+In(\/teth )] (3)

In this expressiot, andt, represent the times available for th
nonsteady-state emission of electrons end holgmectsely.
They can be found to be [4]:

(4)
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Figure 8 Increase of measured charge pump curve aftenstaxt gai
voltage stress -3.5 V.

The parameteZ can be calculated from the flatband voltage,
threshold voltage and the applied gate voltageldevésing
(3) and (4) an expression can be found for extgcthe
interface state density from charge pump measuresmeith
sinusoidal gate voltages [4]:

5 =tog@ Ao/ 1)
" 20kTA; d(log(f))

(®)

In this expression the terig/f appears, which is the pumped
charge per cycle. A nice way of applying expresgonis to
plot the pumped charge per cycle against the Idgarof the
frequency. The slope of this plot is a direct meador the
interface state density. In figure 9 this is shdanthe charge
pump data of figure 7. The solid line is the théics
frequency response according to (3) and (4) anedfito the
charge pump data of figure 7. We clearly see a wixg fit
between measured data and calculated data forenes up
to 100 MHz. Above 100 MHz we see a decrease of
pumped charge per cycle as a function of frequency.

the

VI. DISCUSSION

From the results shown in this paper we can coecthédt the
RF charge pump technique is a possible solutionth®
problems that arise when the interface state dewditvery
leaky dielectrics need to be determined. In figbrét was
eshown that this technique can provide charge puatp dn
devices that have a leakage current too high fer afsthe
classical charge pump technique. The results shovigure
8 are very valuable in the sense that they inditziethe RF
charge pump current increases with an increaseceuiof
interface states. In order to accurately extraet ititerface
state density using the RF charge pump techniqueter, an
explanation has to be found for the fall-off in themped
charge per cycle at frequencies above 100 MHz1]rit jwas
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Figure 9 Measured charge per cycle plotted against tharithgr
of frequency for the device with 3 nm thick oxidde solid line i
the frequency response according to classical elaugp theory.

already stated that a limited time available foe tapture
process during a charge pump cycle may lead taeedse in
measured charge pump current. The results of fiuceuld
be explained by this effect, but an accurate dpson of what
is exactly happening is needed. Furthermore thaltrekown
in figure 9 shows that a very large spread is prese the
data. This could be attributed to inaccuracies edusy the
used methodology of obtaining the desired gateagelt From
theory it follows that the pumped charge per cyislevery
sensitive to the gate voltage level.

VIl. CONCLUSIONS

In this work we have shown that charge pump data lma
obtained on very leaky dielectrics when measuresnemé
performed at radio frequencies. Up to 100 MHz we get
the interface state density can be extracted vecyrately by
making use of the measured pumped charge per ¢ybbrge
pump data obtained at higher frequencies are \aable in
their sense that for very leaky devices the interfatate
density can not be measured at all using the clssharge
pump technique. This indicates that the RF chargsmp
technique can become a very valuable tool in etitrgdhe
interface state density on leaky dielectrics. ldeorto fully
utilize the data obtained at frequencies above Wbz an
accurate description of the fall-off of the pumpsthrge per
cycle needs to be found. It could be attributedh® limited
time available for the capture process of electamholes.
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