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Low-frequency noise measurements on submicrometre n-channel and
p-channel MOSFETSs at various operating regions

H. BELAHRACHY, Y. DEGERLIi*}, F. LAVERNHE{, M. KARIMS,
P. MAGNAN{ and J. FARRE?}

Silicon founders give in their MOS transistor card models some low-frequency
noise parameters for SPICE-based circuit simulators corresponding to pure 1//¢
or flicker noise, with @ very close to unity. MOS transistors used in analogue circuit
applications are usually devices with large channel length and width. In low-noise
applications, methods such as correlated double sampling are used to suppress the
low frequency noise generated by them. Nevertheless, the transistors presently are
submicrometre devices exhibiting very different low-frequency noise behaviour. In
this paper, experimental low-frequency noise results obtained at room temperature
on NMOS and PMOS transistors fabricated using a 0.7 um process are presented.
Both large and small devices on the same process are considered. All regions of
operation of transistors are considered. We show that the low-frequency noise
behaviour of small area MOSFETs is very different from that of large area
devices and that the spectrum is the summation of Lorentzian spectra generated
by the switching of individual active traps.

1. Introduction

CMOS image sensors designed using standard CMOS technologies offer some
advantages compared with charge coupled devices (CCDs), such as lower power
consumption, lower cost, compatibility with integration on-chip electronics and
random access of the image data, and are used now in many applications including
multimedia, space applications, industrial vision, etc. (Fossum 1997, Cavadore et al.
1998, Degerli et al. 2000).

The transistors used in analogue circuit applications are often large-area devices.
Nevertheless, in CMOS image sensors, the use of very large devices is not possible
owing to the pixel fill-factor and responsivity (uV/e) constraints. Moreover, the
CMOS technologies used nowadays are often submicrometre MOS processes with
short transistor channel lengths (L < 1 pm). The impact of device scaling down on
the performance of future CMOS image sensors has been studied recently (Wong
1996). In high-precision applications, the noise limits the dynamic range of the
CMOS image sensors. The 1/f noise generated by the MOS transistors used in read-
out circuitry is suppressed using correlated double-sampling techniques (Yadid-
Pecht et al. 1997, Degerli et al. 2000). One of the major problems of scaling down
is the change in the low-frequency noise behaviour of the MOS transistors. In Wong
(1996) there is very little information about the low-frequency noise behaviour of
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scaled-down CMOS image sensors. In the present paper, we focus on this issue. After
a brief theoretical background, we present measurements of the drain current noise
spectral density Sy4 for process test transistors available on every wafer of a fabrica-
tion run. Gate biases Vg extend from 0.6 V to 5V and drain biases Vpg from 0.1V
to 5V. This allows us to analyse the noise behaviour for the characteristic biases:
weak, moderate and strong inversion, linear and nonlinear region. Both n-channel
and p-channel large area and small area devices fabricated using the same submicro-
metre process are considered.

2. Low-frequency noise in MOSFETs

The low-frequency noise in semiconductor devices has been studied for more
than four decades (Claeys and Simoen 1997) but the origins of the low-frequency
noise in MOS transistors are not really well understood. There are several noise
models proposed in literature, considering all operating regions and inversion levels.
However, most of them are valid only for long-channel devices and need physical
parameters rarely provided by silicon founders.

In the carrier number fluctuations (AN) model, as originally proposed by
McWhorter (1957), the 1/fnoise is attributed to the random trapping and detrapping
processes of charges in the oxide traps near the Si-SiO, interface. The charge fluc-
tuations result in fluctuations of the surface potential, which in turn modulate the
channel mobile carrier density. It is assumed that the channel can exchange charges
with the interfacial oxide traps through tunnelling. The mobility fluctuations (Apu)
model, on the other hand, considers that the 1/f noise results from the fluctuations of
bulk mobility on the basis on an empirical hypothesis proposed by Hooge (1976,
1994). This subject is still open to debate between these two models (Simoen and
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Figure 1. Comparison of a 1/f noise spectrum and a Lorentzian spectrum.
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Claeys 1999). Extensive but sometimes inconsistent low-frequency noise data for
MOSFETs have been reported, and neither of these two models explains all the
experimental results reported in the literature. The low-frequency noise behaviour
of the MOS transistor depends strongly on the processes used. Also, very different
low-frequency noise behaviours for NMOS and PMOS have been observed.

Recently, substantial new insights into the 1/ problem have been obtained through
the study of the noise properties of small area devices (Tsai and Ma 1994). For
MOSFETs with very small channel area (< 1 um?), it is possible to have only a single
active oxide trap in the vicinity of the quasi-Fermi level over the entire channel. Capture
and emission of a channel carrier by the trap result in discrete modulation on the
channel current, resulting in a random telegraph signal (RTS) (Simoen et al. 1992)
with a Lorentzian spectrum (figure 1). For large-area devices, the superposition of these
individual RTSs, from all the traps in the oxide layers near the surfaces of the device,
results in 1/f noise. The random switching between two discrete levels of the drain
current has generally been modelled as the superposition of both the effect of the
fluctuation in the number of free carriers, and the mobility fluctuation that occurs
when the trap changes its state (Hung et al. 1990, Shi et al. 1994).

3. Experimental set-up

The submicrometre devices used in this study were fabricated using an Alcatel
Microelectronics 0.7 um CMOS technology. The threshold voltage values given in
card models are Vy; = 0.76 V for n-channel transistors and V4 = —1.0V for p-
channel transistors. The oxide thickness is Tox = 175 A.

Figure 2(a) shows the schematic of a system developed for the measurement of
the drain current noise spectra. The noise in the drain current is detected by a low-
noise current preamplifier based on an LT1007 operational amplifier and the ampli-
fied noise signal is fed into an HP3585A spectrum analyser. The time domain signal
is observed using a LeCroy LC374A digitizing scope. The gate and drain biases are
provided by batteries Vgg and Vpp respectively. The substrate and the source of the
MOSFET under test are connected to the system ground. The whole system is
located in a Faraday cage, and all measurements are made at room temperature.
Typical values for feedback resistance Ry are 10-100 k2. A small capacitance (5 pF)
is connected across R to prevent A, from undergoing self-oscillation. Noise has been
studied in the 100 Hz-100 kHz frequency bandwidth on p- and n-channel MOS
transistors. The dc drain bias current of the test devices is measured using a
Keithley 485 pico-amperemeter.

In most cases the drain current noise of the test MOSFET is much larger than the
background noise of the measurement system. Nevertheless, it is straightforward to
correct for the background noise if one desires. Figure 2(b) shows the equivalent
circuit of the system. The noise power at the output of the low-noise preamplifier can
be expressed as

V2 =Ri(i3, +1i2) + [1 + Ry <gds +g>} € + Vir, T ViR, (1)

where e, and i, are, respectively, the equivalent input noise voltage and noise current
of the operational amplifier; iy, is the noise drain current and gy, is the MOSFET
channel conductance. Terms v,r, and v,  represent, respectively, the thermal noise
in the feedback resistance Ry and in the drain bias resistance Rp,.



414 H. Belahrach et al.

Re Spectrum Analyzer
Vor Y (HP 3585A)
Low Noise
777 Preamplifier
SR560
Vay/
Signal Analyzer
/777 (LeCroy LC374A)
@
VoRf Ry
O——A
VnRD €,
——
RD Lds 6 idn in 2
777
(b)

Figure 2. (a) Experimental set-up to measure the drain current noise. (b) The equivalent
circuit for noise calculation.

4. Experimental results and discussion

In this section we shall present typical measurement results. Figure 3(a) shows the
bias dependence of drain current noise power at frequency f = 300 Hz for an n-
channel MOSFET with W x L = 25 um X 0.7 pm. For this device, the characteristics
are quite regular. The drain current noise power increases with the gate voltage in
weak and moderate inversion and tends to saturate in strong inversion. The mea-
sured drain current values are I = 610nA for Vgg =04V, Vpg =0.2V; and
Ip =136 pA for Vgg = 0.4V, Vpg =4 V. The same data are plotted in a different
manner in figure 3(b) to display more clearly the bias dependence of the noise power
in the subthreshold region. In the linear region, the drain current noise power
increases with increased drain bias, and then, in the non-ohmic region, increases
slightly. Similar results were observed on other transistors with the same dimensions,
fabricated on the same wafer.

The drain current noise of a p-channel MOSFET with the same dimensions
(W x L =25pum x 0.7um) at frequency f = 100 Hz with various biases is reported
in figure 4. We observe that the noise power is strongly dependent on drain bias
above all subthreshold regions. The measured drain current values are I, = —50nA
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Figure 3. (a) Bias dependence of the drain current noise power of an NMOS
(W /L =25pum/0.7 pm) fabricated by a submicrometre process (f = 300 Hz). (b) The
same data plotted in a different manner.

for Vgg=-095V, Vpg=-02V; and Ip=-440nA for Vgg=—-095V,
Vps = —4 V. From figures 3 and 4, one observes that for a given gate and drain
bias the n-channel MOSFETs are more noisy. In general, p-channel devices have
noise levels lower than those of n-channel devices with similar gate geometry. This
can be attributed to the larger tunnelling barrier experienced by holes across the Si—
Si0, interface relative to that of electrons, and the different oxide trap densities near
the valence and conductance band edges, as well as the different p, and p,, resulting
in different degrees of surface mobility fluctuation.

Figure 5 shows the measurement results of the drain current noise characteristics
in the strong inversion as well as subthreshold regions for a narrow p-channel
MOSFET with W xL = 1pum x 0.7pm. For Vpg = —0.2V, some drain current
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Figure 4. (a) Bias dependence of the drain current noise power of a PMOS
(W /L =25pum/0.7 um) fabricated by a submicrometre process (f = 100 Hz). (b) The
same data plotted in a different manner.

values are as follows: Ip=—-21nA for Vgg=-1.1V; Ip=-226nA for
Vgs =-125V; Ip=-131pA for Vgg=-1.5V; and Ip=-9.84pA for
Vgs = —3.0V. The channel width effects on the noise characteristics are evident
through the comparison of figures 5 and 4. In contrast to the results obtained for
the large p-channel device, for this device drain current noise power continues to
increase with the gate voltage in both weak and strong inversion.

The bias dependence of the drain current noise power, measured at 300 Hz, of a
small n-channel MOSFET (W x L = lpm x 0.7 um) is presented in figure 6. We
observe that in both weak and strong inversion levels the drain current noise
power increases significantly with gate bias in both linear and nonlinear regions.
We can also remark that the current noise is a weak function of the drain bias in the
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Figure 5. (a) Bias dependence of the drain current noise power of a small PMOS
(W /L = 1pm/0.7 pm) (f = 100 Hz). (b) The same data plotted in a different manner.

saturation region. The measured drain current values are as follows (Vpg = 0.2 V):
Ip =126nA for Vgg =0.55V; Ip =302nA for Vgg=0.65V; Ip =543nA for
Vgs =0.75V; Ip = 1.43pA for Vgg=1.0V; Ip =4.90pA for Vgg =1.5V; and
Ip =11.01 pA for Vgg =2.0V.

Figure 7 shows the evolution of the drain current noise spectra for the same
device in linear (Vpg = 0.25 V) and saturation (Vpg = 4 V) regions from weak inver-
sion to strong inversion. At Vgg =4V, owing to the great number of active traps,
the spectra are 1/f like. As the gate bias is decreased, the number of RTSs reduces
and the spectra clearly exhibit the presence of a finite number of elementary
Lorentzians. This is more evident from the time domain drain current fluctuations
of the same device observed at Vgg = 0.75V, Vpg = 0.1V (figure 8). One observes
few levels of RTSs with different times between jumps. In other words, there exist
two or three active interface traps with different characteristic times and/or different
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Figure 6. (a) Bias dependence of the drain current noise power of a small NMOS
(W/L =1pm/0.7pm) (f =300Hz). (b) The same data plotted in a different
manner.

activation energies. Inspection of figures 7 and 8 shows that the spectrum of the
device should then consist of the sum of a few individual Lorentzians.

5. Conclusion

We have carried out an experimental study of the noise current exhibited by
submicrometre MOSFETs in both the ohmic and the non-ohmic region, operating
at room temperature. It has been shown that 1//* noise spectra in small-area
MOSFETs are the result of a superposition of random telegraph signals due to
individual carrier events. Thus, of the competing views on the origins of 1/f*
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Figure 7. Drain current noise power spectra for the NMOS (W /L = 1 pm/0.7 pm):
(a) Vps = 0.25V (linear region); (b) Vps = 4V (saturation region).

noise in MOSFETs, namely, carrier trapping and mobility fluctuations, it is now
clear that carrier trapping into states in the oxide drives the 1/f* noise process. The
role of interface states in producing RTSs and 1/f* noise will become more impor-
tant as we move toward technologies of low power dissipation applications and
scaling down of the device dimensions.
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Figure 8. Time domain drain current fluctuations observed for an NMOS with W /L =
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It should be pointed out that the spectrum of an individual RTS is ‘white’. With
regard to CMOS imagers, the device scaling will reduce the effectiveness of corre-
lated double sampling circuits.

References

CAVADORE, C., SOLHUSVIK, J., MAGNAN, P., GAUTRAND, A., DEGERLL, Y., LAVERNHE, F., FARRE,
J., SAINT-PE, O., DAVANCENS, R., and TULET, M., 1998, Design and characterization of
CMOS APS imagers on two different technologies. Proceedings of SPIE, 3301, 140—
150.



Low-frequency noise measurements on MOSFETs 421

CLAEYs, C., and SimOEN, E. (Eds.), 1997, Noise in Physical Systems and 1/f Fluctuations
(Singapore: World Scientific).

DEGERLL Y., LAVERNHE, F., MAGNAN, P., and FARRE, J., 2000, Analysis and reduction of signal
readout circuitry temporal noise in CMOS images sensors for low-light levels. IEEE
Transactions on Electron Devices, 47, 949-962.

FossuMm, E. R., 1997, CMOS image sensors: Electronic camera on-a-chip. IEEE Transactions
on Electron Devices, 44, 1689—1698.

Hoogg, F. N., 1976, 1/f noise. Physica B, 83, 14-23.

Hoogg, F. N., 1994, 1/f noise sources. [EEE Transactions on Electron Devices, 41, 1926-1935.

Hung, K. K., Ko, P. K., Hu, C., and CHENG, Y. C., 1990, Random telegraph noise in deep
submicrometer MOSFETS. IEEE Electron Device Letters, 11, 90-92.

MCcWHORTER, A. L., 1957, 1/f noise and germanium surface properties. In R. H. Kingston
(Ed.), Semiconductor Surface Physics (Philadelphia: University of Pennsylvania Press),
pp. 207-228.

SHI, Z., MIEVILLE, J-P., and DuTort, M., 1994, Random telegraph signals in deep submicro-
meter n-MOSFETs. IEEE Transactions on Electron Devices, 41, 1161-1168.

SiMOEN, E., and CLAEYS, C., 1999, On the flicker noise in submicron silicon MOSFET’s. Solid-
State Electronics, 43, 865-882.

SiMOEN, E., DIERICKX, B., CLAEYs, C. L. and DECLERCK G. J., 1992, Explaining the amplitude
of RTS noise in submicrometer MOSFETs. IEEE Transactions on Electron Devices,
39, 422-428.

Tsal, M. H., and MA, T. P, 1994, The impact of device scaling on the current fluctuations in
MOSFETs. IEEE Transactions on Electron Devices, 41, 2061-2068.

Wong, H.-S., 1996, Technology and device scaling considerations for CMOS imagers. I[EEE
Transactions on Electron Devices, 43, 2131-2142.

YADID-PECHT, O., MANSOORIAN, B., Fossum, E. R., and PAIN, B., 1997, Optimization of noise
and responsivity in CMOS active pixel sensors for detection of ultra low light levels.
Proceedings of SPIE, 3019, 125-136.



