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Thermal  Effects in n-Channel  Enhancement 
MOSFET’s Operated  at 

Abstract-Thermal effects in n-channel enhancement-mode MOS- 
FET’s operated at cryogenic temperatures are discussed. Device heat- 
ing is identified as the cause of drain current transients and the origin 
of this phenomenon is considered. Experimental results are presented 
in which thermal effects are studied as functions of temperature for 
various gate and drain biases. Drain current is found to he a monitor 
of device temperature. From an understanding of the thermal behavior 
of devices, the channel electron mobility can he examined as a function 
of temperature and gate bias. The observed thermal effects are ex- 
plained in terms of material and device properties. The implications 
for future low-temperature CMOS VLSI development are discussed. 

R 
I.  INTRODUCTION 

ECENTLY,  there has been a  great deal of interest in 
the literature in  the operation of semiconductor  de- 

vices at cryogenic  temperatures [1]-[16]. Much of this 
attention has centered on MOSFET’s  and related devices. 
Many interesting phenomena have been observed, and 
these observations suggest  that  device performance is im- 
proved by operation at reduced temperatures [1]-[11]. 
However,  there  are  also problems associated with long- 
term operation [ 121 - [ 161. 

A fuller understanding of device  behavior  at low tem- 
peratures is required if the potential benefits are to be fully 
exploited.  In this study, we examine thermal effects in 
n-channel enhancement MOSFET’s  under  dc biases at 
various temperatures.  Our results indicate  that thermal ef- 
fects on  device  performance  are very important at low 
temperatures and must be  taken  into account in cryogenic 
MOSFET  operation. 

The problem of device  self-heating has occasionally 
been approached before [17]-[22]. The most popular ap- 
proach has been to  solve  the two-dimensional power flow 
equation [17]-[20]. An indirect approach is to evaluate 
device  temperature through calculation of the  channel 
electron mobility [21], [22]. This method links  device 
self-heating directly to studies of mobility [23]. 

The results of these studies indicate  that  device  self- 
heating can lead to significant temperature increases in 
operating devices. Sharma et  al. [19], [22] examined these 
effects in power  MOSFET’s at room temperature. A tem- 
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perature rise of 25 degrees above  the  ambient temperature 
was computed.  Sesnic  and  Craig [18] investigated device 
self-heating in MOSFET’s at liquid-helium temperature. 
These authors measured active device temperatures of  40- 
60 K in the 4.2-K ambient.  Additionally, it is claimed that 
a 20-degree temperature rise occurs in  the  devices at liq- 
uid-nitrogen temperature. The significant temperature in- 
creases measured in these studies indicate  that  device self- 
heating will greatly affect device  behavior, particularly in 
devices  operated  at  cryogenic  temperatures. 

11. EXPERIMENTAL 
Devices used in these experiments were the n-channel 

devices on commercial plastic  package CD4007 AI-gate 
p-well CMOS  inverter  chips; individual FET’s  are acces- 
sible  in  these  devices.  Device parameters for this version 
of the  CD4007  are: W = 190 pm, L = 4.0 pm, tOx = 
1200 A ,  N A  = 2.8 X loi6 (boron). The devices were 
mounted in the cryostat cold head of an Air Products Dis- 
plex two-stage closed-cycle helium refrigerator. Data was 
collected using a Hewlett-Packard HP4 145A Sernicon- 
ductor Parameter Analyzer interfaced with an AT&T 6300 
personal computer.  The  Parameter Analyzer was pro- 
grammed to apply the desired gate and drain voltages;  the 
substrate was grounded throughout these experiments. 

If we apply constant gate and drain biases to an n-chan- 
ne1 MOSFET and observe  the resulting drain current ver- 
sus time, we obtain  a plot of the form shown in Fig. 1. 
This 30-K current. transient shows two notable features: 
first, the magnitude of the transient is rather large (greater 
than 1  mA, which is a rise of nearly 20  percent), and 
second,  the  time  scale of the rise is of the  order of min- 
utes. 

Time dependent behavior in MOS devices at cryogenic 
temperatures has been observed previously. In MOS ca- 
pacitors, the inversion layer  is very slow to form and 
yields high-frequency C-V characteristics  when low fre- 
quencies (for room-temperature C- V measurements) are 
applied [24]. However,  the  source and drain in a MOS- 
FET provide enough carriers  to overcome this problem. 
We have ruled out  this possibility experimentally by ap- 
plying the  gate bias well in  advance of the drain bias;  the 
results were identical to those for simultaneous bias ap- 
plication. 

Transient behavior could  also be attributed to slow for- 
mation of the depletion region [8], [25]. This problem can 
be ruled out experimentally by applying the  gate and drain 
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Fig. 1. Drain current versus time  for fixed gate and drain biases; T = 

30 K, v, = 5.0 v, v& = 10.0 v. 

biases above the  freezeout  temperature ( T f o  = 100 K) and 
reducing the  temperature  to T = 10 K with the biases 
applied continuously during cooling. When the tempera- 
ture reaches 10 K and  the  biases are removed,  the deple- 
tion region created by the biases is frozen into  the  device 
[4]. This allows for comparison with devices that have no 
biases applied during cooling. No significant difference 
was observed between the results produced by the  two 
methods. 

The temperature-dependent behavior of the channel 
mobility must now be  considered.  It  is well known that 
the channel mobility improves as  the  temperature is de- 
creased from room temperature  [2],  [4].  This improve- 
ment continues down to  a  particular temperature (usually 
about 100 K, but it can be a higher value).  For  lower 
temperatures the channel mobility may continue to im- 
prove at  a  lesser rate [6], [26]. The  channel mobility also 
may level off as the  temperature is further reduced 161, or 
it  may decrease  [6], [27]. It  has  been shown experimen- 
tally [27] and theoretically [28] that  the channel mobility 
is strongly dependent on the properties of the  Si-Si02 in- 
terface (such as traps and fixed charge); channel threshold 
implants may also play a role. At low temperatures not 
only the numerical value of the channel mobility is  af- 
fected,  but also the  quantitative form of the channel mo- 
bility versus temperature curve. It wili be shown later that 
the devices employed in this study exhibited decreasing 
channel mobility as  the temperature was decreased below 
about 100 K. 

Fig. 1 consists of a plot of measured drain current ver- 
sus time  at 30 K. At this  temperature,  the  drain current 
increases with time. A  similar measurement at 300 K is 
plotted in  Fig. 2. Although the magnitude of this current 
transient is much smaller in magnitude than the 30-K tran- 
sient, it is evident that the  drain current is decreasing with 
time  at  this  temperature.  Fig. 3 consists of  a plot of drain 
current versus time  at 40 K. In  this  case,  the drain current 
first increases, reaches a  maximum, and then decreases. 

These observations are readily explained from the 
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Fig.  2.  Drain current versus time  for fixed gate and drain biases; T = 

300 K, Vps = 5.0 V, Vds = 10.0 V. 
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Fig. 3 .  Drain current versus time  for fixed gate and drain biases; T = 
40 K, V,, = 7.0 V, Vds = 10.0 V. 

channel mobility versus temperature profile described 
above. At low temperatures,  the channel mobility in- 
creases with increasing temperature.  Power dissipation 
heats the  device, increasing the channel mobility; this 
leads to the rising current shown in  Fig. 1. At 300 K, the 
channel mobility decreases with increasing temperature, 
leading to the falling current of Fig. 2.  The case of Fig. 
3 joins  the  two types of behavior;  device heating pushes 
the channel temperature  up and over  the channel mobility 
peak, leading to the observed rise and subsequent fall of 
the  current. 

These three cases  indicate that device self-heating is 
readily observed through simple laboratory measure- 
ments. This allows examination of this problem without 
unwieldy temperature-measuring equipment.  The  time 
evolution of the drain  current clearly depends on the chan- 
nel mobility versus temperature profile. The experimental 
results must be examined very closely to identify an ex- 
perimental indicator of device  temperature. 
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Fig. 4. Drain  current  versus  temperature for several  different  times after 
the  application of gate  and  drain  biases; Vgs = 5.0 V, Vds = 5.0 V; 
( - - - ) t ~ O ~ ~ ( - - ) t ~ 1 0 0 ~ ~ ( - ~ ) t ~ 2 0 0 ~ ~ ( ~ ~ ~ ~ ) t ~ 3 0 0  
s. 

111. RESULTS 
As  mentioned earIier, data  seis  were collected for fixed 

gate and drain biases with temperature  as the independent 
variable. Combinations of gate biases from 3.3 to 7.0 V 
and drain biases  from 3.3  to  10.0 V were  used. 

In  Fig. 4, a typical data plot of drain current versus 
temperature with time  as  the  second  independent variable 
is presented. The time  dependence of the heating induced 
current change  was descnbed above. 

All of the biases used in this study have  been  chosen  to 
place the devices in saturation.  At  low  temperatures, there 
will be a drain  voltage threshold if the gate does not over- 
lap  the  source  and  drain [l]; biasing the devices in satu- 
ration avoids this problem. The channel mobility is cal- 
culated from the  simple expression 

where Wand L are  the  channel  width  and  length, respec- 
tively, C,, is the  oxide  capacitance  per unit area, Idsat is 
the measured  drain current with the device in saturation, 
Vgs is the applied gate voltage, and V, is the measured 
threshold voltage. The threshold voltage  was  found to be 
linear  with respect to T. 

Using ( l ) ,  the  data of Fig. 4 can  be  converted  into a set 
of mobility curves  as  shown in Fig. 5 .  In  order  to pro- 
ceed,  we  must  compare  Figs. 4 and 5 .  In Fig. 4, the four 
curves reach  maxima at different temperatures, but the 
magnitude of each  maximum  is the same  as  the others. 
The mobility curves, calculated using a fixed threshold 
voltage at  each  temperature,  show quite different behav- 
ior.  The peaks in the mobility curves,  like those in the 
current curves,  shift  to  the left with  time  (as  expected), 
but the  magnitude increases sizably.  It  can  be  concluded 
that the curves of  Fig. 5 for the heated devices are incor- 
rect. Instead of being confined close  to  the  surface,  the 
device heating penetrates into the substrate. This leads to 
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Fig. 5 .  Apparent  channel  electron  mobility  calculated  from (1) without 
taking  the  penetration of heating into the  substrate  into  account; Vgs = 
5.0 V, Yds = 5.0 V; (-) t 0 S; (--) t = 100 S; (- .) t = 200 
s; ( e . .  . ) t  = 300s. 
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Fig. 6 .  Band structure of an n-channel MOSFET as modified by device 
self-heating  (not to scale). 

the thermally induced  band  bending  shown in Fig. 6, 
which causes the threshold voltage to shift with the heat- 
ing. This causes (1) to yield erroneous mobility data if the 
ambient value of V, is used. As  Fig. 4 indicates, the mea- 
sured drain current is a reliable  indicator of temperature; 
for  given  gate  and drain biases, Ids,, at any particular time 
corresponds  to the operational temperature of the device. 
Some representative data produced using this method are 
presented in Table I for various supply biases and  ambient 
temperatures. 

Having  determined  the  experimental effects of heating, 
we can now look more closely at the channel electron mo- 
bility as a function of temperature. At t = 0, the device 
has  not heated itself and  the device temperature is the same 
as the ambient temperature. For a given applied bias,  the 
drain current at t = 0 and the corresponding threshold 
voltage can  be  used  to calculate the channel electron mo- 
bility at the chosen temperature. 
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TABLE I 
DEVICE TEMPERATURE WlTH TIME FOR  VARIOUS  SUPPLY BIASES AN,] 

AMBIENT TEMPERATURES 
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Fig. 7. Channel electron mobility versus temperature for  several different 
gate biases calculated using (1) at t = 0 s; (+) V, = 3 . 3  V; ( X )  V,, = 
5.0 V; (0) Vgs = 7.0 V .  

Fig. 7 is a  graph of channel electron mobility versus 
temperature for several different gate  biases; gate bias 
(rather than V,, - VJ was held constant with temperature. 
The  channel electron mobility shows  a  peak at a  temper- 
ature in the range of 85-95 K. These curves compare fa- 
vorably with previous studies 1271, [281. Also, the chan- 
nel mobility is much improved  at the lower  gate bias  of 
3.3 V, particularly in the temperature region of the mo- 
bility peak. 

The  egect of gate bias on  device self-heating can  also 
be examined.  Figs. 8, 9, and 10 present drain current 
heating curve sets for three different bias levels. It is read- 
ily apparent that heating is much  larger at higher  gate bias 
levels. At a gate bias of 3.3  V, device self-heating is neg- 
ligible. This is also significant for the reasons cited above. 

In addition, the  gate bias can  be fixed and the effect  of 
drain bias on heating examined. Fig. I1 consists of curves 
of Idsat versus time  for three different drain biases. Since 
V,, > Vdsat, Idsat at t = 0 is virtually the same in each 
case.  However,  as  time  passes, we see that heating is 
greater for higher drain biases. Since in each case the de- 
vice is operated in saturation, the voltage drop  from the 
source to  the pinchoff point is Vdsat, while the voltage drop 
across the space  charge region is (V,, - V,,,,). It can  be 
concluded that heat generated by power dissipation in the 
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Fig. 8. Drain current versus temperature for several different times after 

the application of gate and drain biases; V,, = 3.3 V, V, = 3 . 3  V; 
(-----) t = 0 S; (--) t 100 S ;  (- .) t = 200 S; (. . . .) t 300 
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Fig. 9. Drain current versus  temperature for several different times after 
the application of gate and drain biases; V, = 5.0 V,  Vds = 5.0 V; 
(-----) t = 0 S; (--) t = 100 S ;  (- .) t 200 S; (. . . .) t = 300 
S.  
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Fig. 10. Drain current versus temperature for several different times after 

the application of gate and drain biases; V,, = 7.0 V ,  V,, = 7.5 V; 
(--) t = 0 S ;  (--) t = 100 S ;  (- .) t = 200 S; (. . . .) t = 300 
S. 
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Fig. 1 1 ~ Drain current  versus  time for fixed gate bias with several different 

saturation  drain  biases; T = 30 K, Vgx = 5.0 V; (-) Vds = 5.0 V; 
(--) VdS = 7.5 V; (- .) VdS = 10.0 V. 

space-charge region is significant,  and that any attempt to 
model device  self-heating phenomena must take this into 
account. 

IV. DISCUSSION 
The  above results must now be explained and  the  im- 

plications discussed. To begin,  device self-heating (and 
the temperature dependence of the process) must be  ex- 
plained in terms of device  and  material  properties.  We can 
qualitatively explain the results through four  separate 
considerations: 

1) For  a fixed gate bias with changing T, the inversion 
layer will be confined more closely to  the silicon surface 
at lower  T [l], [28]. As a  result,  the magnitude of the 
channel cross section along the source-drain axis will de- 
crease significantly. This  channel  constriction will greatly 
increase  the  channel  current  density.  Since  a  similar 
amount of power  is  dissipated  in  a  smaller  volume, heat- 
ing is  greater  at  lower T. 

2) As Tis reduced from 300 K, the  thermal conducliv- 
ity  of the  silicon  substrate  improves.  However,  at T = 
20-40 K (the exact temperature  is  subject  to  discussion in 
the literature [29]-[31]) this improvement ceases  and  the 
substrate  thermal conductivity drops rapidly with further 
decreases in  temperature. At very low temperatures the 
ability of the  substrate to remove Joule heat is greatly im- 
paired, leading to greater  heating. 

3) When T is reduced from 300 to 77 K, the  substrate 
heat capacity drops by an  order of magnitude. From 77 
down to 4.2 K, the heat capacity drops by two  further 
orders of magnitude [32]. The application of a given 
amount of Joule  heat to the  substrate will induce  a  greater 
temperature rise at  lower  temperatures.  This material 
property of silicon may be more important than the  im- 
proved thermal conductivity for  a  device that is not op- 
erating in thermal steady state. 

4) For temperatures below the  peak  in  the mobility ver- 
sus temperature  curves,  device heating has  a  positive 
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Fig. 12. Drain current  versus  time for fixed gate and  drain  biases  showing 

the  leveling off of the drain current below the heated maximum value; T 
= 15 K, VPs = 3.3 V, Vds = 3.3 V. 

feedback effect. As the  device  temperature rises due  to 
self-heating,  the channel electron mobility rises, increas- 
ing the drain current.  This increases power dissipation, 
which further heats the device,  etc.  It could be suggested 
that, given enough time,  the  temperature of a  device 
would eventually rise to the  temperature corresponding to 
the peak of the channel mobility,  even  for low biases. 
However, it has been found that heating at low tempera- 
tures can level off before reaching the peak channel mo- 
bility temperatures (Fig.  12);  a thermal steady state is 
reached at a  lower  temperature.  For temperatures above 
the  peak  channel mobility temperature, heating decreases 
the channel mobility, which serves to reduce  the heating. 

There has been interest shown  in reducing supply volt- 
ages from 5 .O to 3.3 V both to reduce hot-electron effects 
'and  to  decrease  power  dissipation.  A JEDEC standard 
supply voltage is now 3.3 V due to concerns about high 
fields in submicrometer  devices.  Already,  CMOS 
SRAM's  that employ this reduced voltage  are commer- 
cially available [33]. The results presented here provide 
further  incentive  for this effort. As the  temperature is low- 
ered, phonon scattering is reduced,  leading to  the ob- 
served increase  in  the mobility down  to  T = 100 K [34]. 
Below this temperature, ionized impurity scattering dom- 
inates [34],  and,  as the inversion  layer compresses closer 
to the  surface (as described above) [l], the mobility be- 
havior changes.  A reduction of the gate  bias to 3.3 V ex- 
pands the inversion  layer  somewhat, reducing the channel 
current density, which causes  a  decrease in heating. 

The results presented here indicate that at a reduced bias 
level and appropriate  temperature,  a very high value of 
the channel electron mobility is realized (Fig. 7). Addi- 
tionally,  the heating effects described in  this paper are 
greatly reduced at a supply bias of 3.3 V (Fig. 8). These 
results dovetail nicely with attempts to reduce supply 
voltages to mitigate hot-electron effects. 

Research efforts involving the low-temperature behav- 
ior of MOS devices are aimed at finding optimum values 
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for the supply voltage and  the  ambient  temperature. How- 
ever,  due to the effects described here,  the  device tem- 
perature may be considerably above  the ambient temper- 
ature. This can easily lead to erroneous results in the 
evaluation of device behavior and properties.  We  have 
already shown (Fig. 5 )  that  channel mobility measure- 
ments can be greatly complicated by device  self-heating, 
and, if care  is not taken,  incorrect results can be  pro- 
duced. From these  “results,”  it could be concluded that 
device performance will be upgraded by continually low- 
ering the temperature. It has already been suggested else- 
where [35] that CMOS devices will perform optimally at 
temperatures below 30 K. The results presented here, 
with device heating taken into account, indicate that a 
higher temperature (in the  range of 75-100 K) is pre- 
ferred. 

V.  SUMMARY 
This paper has discussed  the effect of device self-heat- 

ing on the behavior of n-channel MOSFET’s operated un- 
der  dc  biases  at  cryogenic  temperatures. We have shown 
that the effects we have observed are due  to heating and 
not other potential causes.  The effect of heating on the 
surface band structure  has been determined. This leads ta 
the conclusion that,  due  to  a heating-induced effective 
shift in  the threshold voltage,  the drain current is  a good 
indicator of device  temperature. 

An understanding of thermal effects permits examina-. 
tion of the channel electron mobility as a function of tem- 
perature. For the devices used in this  study,  an improve- 
ment in the  channel mobility down  to T = 90 K has beer1 
observed, followed by a  decline  for  lower  temperatures. 
It has been found that a reduction of the supply voltage 
greatly improves the channel mobility, particularly near 
the peak mobility temperature. We have also found that, 
for devices operated in  saturation,  a  larger  drain voltagms 
increases heating. 

A reduction of supply voltage from 5 .O to 3.3 V als3 
greatly reduces device  self-heating  and the complications 
associated with it. These improvements match nicely with 
other efforts involved with the reduction of the supply 
voltage. Using the understanding of channel  mobility, the 
observed characteristics of device heating have been ex- 
plained in terms of material and device  properties. 

This preliminary work has examined n-channel deviccs 
operated under dc  biases. In order to examine thermal ef- 
fects on CMOS operation, p-channel devices must be 
studied. Since CMOS devices (such as inverters) are 01)- 

erated as switches, thermal effects must also be studied 
with switching voltages rather than simple  dc supply lev- 
els.  Furthermore,  the effects of packaging and of cry- 
ogenic environments must be taken into  account.  Our re- 
sults show that thermal effects in MOS devices a m  
significant. These thermal effects need to be fully undc:r- 
stood if the  full benefit of low-temperature CMOS opcr- 
ation is to be realized. 
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