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Abstract—The variable rise and fall time charge-pumping
technique has been used to determine the energy distribution
of interface trap density ( it) in MOSFETs with a HfO2 gate
dielectric grown on an ultrathin ( 1 nm)–SiON buffer layer on
Si. Our results have revealed that the ( it) is higher in the upper
half of the bandgap than in the lower half of the bandgap, and are
consistent with qualitative results obtained by the subthreshold
current–voltage ( – ) measurements, capacitance–voltage (C–V),
and ac conductance techniques. These results are also consistent
with the observation that n-channel mobilities are more severely
degraded than p-channel mobilities when compared to conven-
tional MOSFETs with SiO2 or SiON as the gate dielectric.

Index Terms—Charge pumping, energy distribution, HfO2 gate
dielectric, high- , interface trap density, MOSFETS, subthreshold
swing (SS).

I. INTRODUCTION

MOST REPORTS published so far on the use of high- or
high- –SiO stacks gate dielectrics to replace SiO in

scaled CMOS technology show significantly degraded channel
carrier mobility in a MOSFET, which has held back the im-
plementation for next-generation devices. The causes of such
degradation are still not fully understood; Coulomb scattering
[1], remote phonon scattering [2], and charge trapping [3], [4]
have been proposed to be primarily responsible, although op-
posing evidence has recently been reported [5]. In any case, it
is clear that a viable high- gate dielectric on Si must at least
have a low density of interface traps in order to realize the de-
sired high transconductance for advanced CMOS technology. In
this letter, we report the energy distributions of interface traps,
obtained by the use of the charge-pumping (CP) technique [6],
in n- and p-MOSFETs with a HfO gate dielectric grown on
an ultrathin nm SiON buffer layer on Si. Various versions
of the CP technique have been extensively used to measure in-
terface-trap density in MOSFETs [7]–[9]. Most researchers use
CP pulses with a fixed rise time and fall time to obtain the total
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density of interface traps across a portion of the Si bandgap.
In this study, we apply the variable rise and fall time CP pro-
cedure, as described in [6] and [7], to probe the energy dis-
tribution of interface-trap density in high- HfO -gated MOS-
FETs. The results are complementarily verified with the sub-
threshold current–voltage ( – ), mobility simulation, capaci-
tance-voltage ( – ), and ac conductance techniques.

II. DEVICE DETAILS AND EXPERIMENTS

Both n-channel and p-channel MOSFETs were fabricated by
using a conventional CMOS process flow with a poly-Si gate
[3]. The gate dielectrics were fabricated by atomic layer depo-
sition of 6-nm HfO on an ultrathin layer of pre-grown silicon
oxynitride nm ; the equivalent oxide thickness (EOT) of
the gate stack is 2.4 nm. This study focused on transistors with
a channel length of 2 m and a width of 100 m, al-
though other sizes m have also been investigated with
similar results [6]. Note that the interfacial transition region be-
tween HfO and Si is quite complicated and very thin, and there-
fore the interface traps we measure include all electrically active
defects at or near the interface that respond to charge-pumping
signals. The gate tunneling current is much smaller than the CP
currents in the frequency range that we measured, either at flat-
band or at threshold voltage.

The charge-pumping measurement was performed with both
source/drain (S/D) regions grounded while sweeping the base

level of a constant-amplitude gate pulse from inver-
sion to accumulation. By measuring the CP currents with
variable fall and rise times, one can obtain the energy distribu-
tion of the interface traps in a relatively large part of the for-
bidden energy gap on both sides of midgap. More specifically,
the energy is gradually swept through the electron emission en-
ergy level above midgap by changing the fall time
of the gate pulse while keeping the rise time fixed. Like-
wise, the energy is gradually swept through the hole emission
energy level below midgap by changing the rise time

while keeping the fall time fixed [6], [7]. The relevant
equations are given in [6, Table 1]. Note that (4) and (5) in [6]
are approximations derived with the assumption that is a
slow function of energy, and the errors will become significant
where changes rapidly with energy.

Subthreshold drain current versus gate voltage – mea-
surements were performed on the same samples to verify the
results obtained from CP, since subthreshold swings are propor-
tional to the interface trap density in the weak inversion region
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Fig. 1. (a) Weak rise-time dependence of charge-pumping current curves
for fixed fall time of 999 ns for HfO -gated n-MOSFET. (b) Strong fall-time
dependence of charge-pumping current curves for fixed rise time of 999 ns for
HfO -gated n-MOSFET. A trapezoidal wave form was used.

Fig. 2. Energy distribution of interface traps as determined by rise and fall
time dependence of charge-pumping currents for HfO -gated MOSFETs. (a)
n-MOSFET. (b) p-MOSFET.

[10]. The mobility simulation program compiled by Hauser has
also been applied [11].

III. RESULTS AND DISCUSSION

Fig. 1(a) shows a very weak dependence of on rise time
for a given fall time of 999 ns for a representative HfO gated
n-MOSFET m . This indicates that the
density of the interface traps in the lower half of band gap is
small, see (5) in [6]. On the other hand, Fig. 1(b) shows a strong
dependence of on the fall time for a given rise time of 999
ns, indicating a high density of interface traps in the upper half
of the bandgap, see (4) in [6]. The p-MOSFET shows a similar
rise and fall time dependence of CP characteristics, although the
data are not shown here for brevity.

Fig. 2(a) shows the density of interface traps as a function
of energy in the Si bandgap extracted from the data in Fig. 1
for the n-MOSFETs. Using the same procedure, we have also
extracted the density of interface traps as a function of energy
in the Si bandgap for a representative p-MOSFET, and the re-
sults are shown in Fig. 2(b). It is obvious that in both cases the

is higher in the upper half of the bandgap than in the lower
half of the bandgap. One should emphasize that room-temper-
ature CP data does not allow us to extract closer to the
band edges because of thermal emission [7], but the trend is ob-
vious. The extracted mean values of of SiON-gated n- and
p-MOSFET control samples (2–3 cm eV ) are about
one order of magnitude lower than that with the HfO gate stack
(1–3 cm eV ).

We also compared the subthreshold characteristics of the
n-MOSFET and p-MOSFET with HfO gate dielectric dis-
cussed above and found that the subthreshold swing (SS)
for the n-MOSFET (100 mV/dec) is larger than that for the
p-MOSFET (87 mV/dec). Since SS not only depends on the

Fig. 3. Effective carrier mobility in HfO -gated and SiON-gated MOSFETs.
(a) n-MOSFET. (b) p-MOSFET, where the data for the SiON-gated MOSFETs
are substantially similar to the universal mobility data.

Fig. 4. Effective mobilities of the samples in Fig. 3, simulated by the use of
the NCSU Mob2d program.

but also on depletion-layer capacitance, we compared the
SS values of n-MOSFET and p-MOSFET with a SiON gate
dielectric. They were comparable ( mV/dec) and much
lower than the ones with the high- dielectric stack. The SS
value for the n-MOSFET is increased by charging of interface
traps in the upper half of the Si bandgap, while that for the
p-MOSFET is increased by the charging of interface traps in
the lower half of the Si bandgap; the results are consistent with
a larger in the upper half of the bandgap as determined by
CP. It should be noted that SS measurement, being a quasi-dc
measurement, includes not only quasi-interface traps, but also
slow states (boarder traps), which may not be detected by the
relatively high frequency CP.

The ac conductance measurement [12] and – data were
also used to verify the CP results qualitatively, as reported pre-
viously [6], and the results are again consistent with the asym-
metric interface trap distribution observed by other techniques.

We suspect that the gross asymmetry of the distribu-
tion in high- gated MOSFETs may be partially responsible for
the frequent observation that the channel mobility in n-MOS-
FETs tends to degrade more severely than in p-MOSFETs with
high- gate dielectrics [13], [14], because the electrons in the
n-channel interact with interface traps in the upper half of the
bandgap, while holes in the p-channel interact with interface
traps in the lower half of the bandgap. Fig. 3(a) and (b) compares
the channel mobility data between a HfO -gated n-MOSFET
and its p-MOSFET counterpart. The data for the control sam-
ples with high-quality SiON as the gate dielectric are also shown
for comparison. HfO -gated n-MOSFETs exhibit more severe
mobility degradation than the p-MOSFET counterpart, which is
consistent with the results reported by others [13], [14] and is
also consistent with the higher density of interface traps in the
upper half of the Si bandgap. We also used the NCSU Mob2d
program compiled by Hauser [11] to simulate mobility by as-
suming the interface scattering density is equivalent to the in-
terface trap density. The results shown in Fig. 4 illustrate that
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the asymmetry in interface trap density alone can degrade the
mobility of n-MOSFETs more than that of p-MOSFETs. The
results on SiON samples are consistent with numerous previous
experimental studies [15]–[18].

It is interesting to note that, very recently, Fermi-level pinning
at the polySi–metal HfO interface just below the conductance
band was proposed [19]. This idea is not inconsistent with
our results, provided that the continues to increase as one
approaches and that there are even higher densities of
for a polySi–HfO interface than for a single-crystal Si–HfO
interface.

IV. CONCLUSION

By analyzing the rise and fall time dependence of
charge-pumping data, we have revealed that above
midgap is much higher than that below the midgap in both
n-channel and p-channel HfO -gated MOSFETs. These results
are consistent with the subthreshold – characteristics of
these MOSFETs and the qualitative outputs obtained by –
and ac conductance techniques. We believe that the gross
asymmetry of the distribution may be partially responsible
for the much more severe degradation of mobility in the
n-MOSFET than in its p-MOSFET counterpart.

ACKNOWLEDGMENT

The authors would like to thank Dr. J. Kopanski and Dr.
A. Davydov for reviewing the manuscript.

REFERENCES

[1] K. Torii, Y. Shimamoto, S. Saito, O. Tonomura, M. Hiratani, Y. Manabe,
M. Caymax, and J. W. Maes, “The mechanism of mobility degradation in
MISFETs with Al O gate dielectric,” in Symp. VLSI Tech. Dig., 2002,
pp. 188–189.

[2] M. V. Fischetti, D. A. Neumayer, and E. A. Cartier, “Effective electron
mobility in Si inversion layers in metal–oxide–semiconductor systems
with high-� insulator: The role of remote phonon scattering,” J. Appl.
Phys., vol. 90, no. 9, pp. 4587–4608, 2001.

[3] E. P. Gusev, D. A. Buchanan, A. Kumar, D. DiMaria, S. Guha, A. Cal-
legari, S. Zafar, P. C. Jamison, D. A. Neumayer, M. Copel, M. A. Gri-
belyuk, H. Okorn-Schmidt, C. D’Emic, P. Kozlowski, K. Chan, N. Bojar-
czuk, and L.-A. Ragnarsson, “Ultrathin high-� gate stacks for advanced
CMOS devices,” in IEDM Tech. Dig., 2001, pp. 451–454.

[4] W. J. Zhu, T. P. Ma, S. Zafer, and T. Tamagawa, “Charge trapping
in ultrathin hafnium oxide,” IEEE Electron Device Lett., vol. 23, pp.
597–599, Dec. 2002.

[5] A. Kerber, E. Cartier, L. A. Ragnarsson, M. Rosmeulen, L. Pantisano,
R. Degraeve, Y. Kim, and G. Groeseneken, “Direct measurement of the
inversion charge in MOSFETs: Application to mobility extraction in al-
ternative gate dielectrics,” in Symp. VLSI Tech. Dig., 2003, pp. 159–160.

[6] J.-P. Han, E. M. Vogel, E. P. Gusev, C. D’Emic, C. A. Richter, D. W.
Heh, and J. S. Suehle, “Energy distribution of interface traps in high-�
gated MOSFETs,” in Symp. VLSI Tech. Dig., 2003, pp. 161–162.

[7] G. V. Groeseneken, H. E. Maes, N. Beltran, and R. F. De Keersmaecker,
“A reliable approach to charge pumping measurements in MOS transis-
tors,” IEEE Trans. Electron Devices, vol. ED-31, pp. 42–53, Jan. 1984.

[8] P. Heremans, J. Witters, G. V. Groeseneken, and H. E. Maes, “Analysis
of the charge pumping technique and its application for the evaluation
of MOSFET degradation,” IEEE Trans. Electron Devices, vol. 36, pp.
1318–1335, Oct. 1989.

[9] C. E. Weintraub, E. M. Vogel, J. R. Hauser, N. Yang, and V. Misra,
“Study of low-frequency charge pumping on thin stated dielectrics,”
IEEE Trans. Electron Devices, vol. 48, pp. 2754–2762, Nov. 2001.

[10] S. M. Sze, Physics of Semiconductor Devices. New York: Wiley, 1980,
p. 447.

[11] J. R. Hauser and K. Ahmed, “Characterization of ultrathin oxide using
electrical C–V and I–V measurements,” in Characterization and
Metrology for ULSI Technology. Woodbury, NY: AIP, 1998, pp.
235–239.

[12] E. M. Vogel, W. K. Henson, C. A. Richter, and J. S. Suehle, “Limita-
tion of conductance to the measurement of the interface state density of
MOS capacitors with tunneling gate dielectrics,” IEEE Trans. Electron
Devices, vol. 47, pp. 601–608, May 2000.

[13] B. Guillaumot, X. Garros, F. Lime, K. Oshima, B. Tavel, J. A.
Chroboezek, P. Masson, R. Truche, A. M. Papon, F. Martin, J. F.
Damlencourt, S. Maitrejean, M. Rivoire, C. Leroux, S. Cristoloveanu,
G. Ghibaudo, J. L. Autran, T. Skotnicki, and S. Deleonibus, “75 nm
damascene metal gate and high-� integration for advanced CMOS
devices,” in IEDM Tech. Dig., 2002, pp. 355–358.

[14] S. B. Samavedam, L. B. La, J. Smith, S. Dakshina-Murphy, E. Luck-
owski, J. Schaeffer, M. Zavala, R. Martin, V. Dhandapani, D. Triyoso,
H. H. Tseng, P. J. Tobin, D. C. Gilmer, C. Hobbs, W. J. Taylor, J. M.
Grant, R. I. Hedge, J. Mogab, C. Thomas, P. Abramowitz, M. Moosa,
J. Conner, J. Jiang, V. Arunachalam, M. Sadd, B.-Y. Nguyen, and B.
White, “Dual-Mmetal gate CMOS with HfO2 gate dielectric,” in IEDM
Tech. Dig., 2002, pp. 3–6.

[15] C. T. Sah, T. H. Ning, and L. L. Tschopp, “The scattering of electrons by
surface oxide charges and by lattice vibrations at the Si-SiO interface,”
Surf. Sci., vol. 32, pp. 561–575, 1972.

[16] S. A. Schwarz and S. E. Russek, “Semi-empirical equations for electron
velocity in silicon: Part II-MOS inversion layer,” IEEE Trans. Electron
Devices, vol. ED-30, pp. 1634–1639, 1983.

[17] E. M. Vogel, W. L. Hill, V. Misra, P. K. McLarty, J. J. Wortman, J. R.
Hauser, P. Morfouli, G. Ghibaudo, and T. Ouisse, “Mobility behavior
of n-channel and p-channel MOSFETs with oxynitride gate dielectrics
formed by low-pressure rapid thermal chemical vapor deposition,” IEEE
Trans. Electron Devices, vol. 43, pp. 753–758, June 1996.

[18] T. Ishihara, S.-I. Takagi, and M. Kondo, “Quantitative understanding of
electron mobility limited by coulomb scattering in metal oxide semi-
conductor field effect transistors with N O and NO oxynitrides,” Jpn. J.
Appl. Phys., vol. 40, pp. 2597–2602, 2001.

[19] C. Hobbs, L. Fonseca, V. Dhandapani, S. Samaevdam, B. Taylor, J.
Grant, L. Dip, D. Triyoso, R. Hegde, D. Gilmer, R. Garcia, D. Roan, L.
Lovejoy, R. Rai, L. Herbert, H. Tseng, B. White, and P. Tobin, “Fermi
level pinning at the polySi–metal oxide interface,” in Symp. VLSI Tech.
Dig., 2003, pp. 9–10.


