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Influence of several  relaxation times on the cryogenic self-heating of silicon 
devices 
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Departamento de Electrónica 

Instituto Nacional de Astrofísica, Óptica y Electrónica, INAOE. 
P.O. Box 51 y 216, Z.P. 72000, Puebla, Mexico 

 
 
The first experimental determination of self-heating in silicon devices operating at low temperatures was 
based on their transient response; there have been, however, some concerns regarding the validity of this 
approach. In this work, we compare several electrical relaxation times with the temperature dependent thermal 
time constant of a silicon sample for the 5K<T<300K temperature range. The electrical relaxation times were 
calculated for the most common processes that are responsible for the relaxation of the depletion region at 
low temperatures. We found that thermal transients are undistinguishable from the electrical transients for 
low/moderate electric fields and nondegenerate uncompensated silicon samples operating at liquid helium 
temperatures. These results disagree with the assumption widely used at room temperature, which 
establishes that thermal events are much slower than the relaxation of the depletion region. 

 
Keywords: Low Temperature Electronics, Silicon devices, Cryogenics, Self-Heating, Depletion Region, 
Relaxation, Thermal Transient, MOSFET 
 

1. Introduction 
 

Si-based read-out electronics has been used to 
amplify and/or to multiplex electrical signals delivered by 
radiation detectors operating at very low temperatures (LT) 
[1,2]. In order to avoid the undesirable deterioration of the 
signal-to-noise ratio, speed of response and heat leakages, 
the Si circuitry has to be as close as possible to the 
cryogenic detectors, thus operating at similar temperatures. 
Si devices can, however, show important degradation in 
performance when operated under deep cryogenic 
conditions [1]. Several detrimental effects such as kink, 
hysteresis, excessive noise, and drain threshold voltage 
have been thoroughly studied for cryogenic Si-JFETs and 
MOSFETs [1,3]. On the other hand, non-electrical effects 
such as self-heating (SH), have rarely been studied for Si 
devices operating at temperatures below 300 K. 

Under deep cryogenic conditions, the behavior of 
the thermal properties of most solids differs qualitatively 
and quantitatively from that at room temperature (RT) [4]. 
The variation of thermal conductivity, κth, with temperature 
in Si is shown in Fig.1. This was obtained with the 
phenomenological model of Callaway [5,6], and the phonon 
relaxation times were calculated using the parameter values 
from Glassbrenner and Slack [7]. In this figure, the specific 
heat of Si, CSi, is also included; this was calculated using 
the well-known Debye’s model [8]. 

Since the thermal conductivity and the specific 
heat decrease significantly with the lowering of the 
temperature, it is believed that the SH becomes stronger 
under such conditions. It is also known that under deep 
cryogenic conditions, several semiconductor parameters 
such as charge carrier concentration, intrinsic 

concentration, mobility, diffusivity, 
generation/recombination lifetime, as well as the transport 
mechanisms depend strongly on the operating temperature 
[9]. Hence, The study of the cryogenic SH of 
semiconductor devices becomes a fundamental issue since 
the localized variations of the device’s temperature can 
significantly alter their operating conditions at LT  

In spite of the several experimental findings 
regarding the cryogenic SH of Si devices [10-15], little 
effort, if any, has been expended in order to understand the 
actual origin of the measured temperature rise and the 
observed transients. The transient response to a voltage 
step was used as a monitor for SH [11-13], regardless of the 
appropriateness of the assumptions on which this 
technique is based: thermal transients were assumed to be 
the slowest processes during the relaxation of the sample; 
thus the slow variation of the current was ascribed to the 
heating of the device. 
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Figure 1. Thermal conductivity and specific heat of silicon as a 
function of temperature. 

However, and according to Fig. 1, the thermal time 
constant must decrease exponentially at very low 
temperatures due to its direct dependence on CSi, whereas 
the relaxation of the depletion region must occur at a slower 
rate because of the freezing-out of carriers in the quasi-
neutral region of the sample. The aim of this work is to 
investigate the appropriateness of the transient response 
method to measure the SH as well as the region of 
dominance of several processes leading to such transient. 
To achieve this goal we estimate several electrical relaxation 
times; these times are thus compared to the theoretical 
thermal time constant of a Si sample in the 5K<T<300 K 
range. In Sec. II we present a brief review of earlier 
experimental data regarding the SH of Si devices and 
several anomalies are pointed out; they lead to the 
conclusion that those results were misinterpreted. Some 
mechanisms responsible for the slow relaxation of the 
depletion region are presented in Sec. III, and simple 
estimations of several relaxation times are compared and 
discussed in Sec. IV. 
 
2. Cryogenic self-heating of silicon devices 

 
Since the first experimental studies on silicon 

MOSFETs, Sesnic and Craig [11] suspected that the 
effective temperature of the active part of the device was 
much higher than the 4.2 K ambient temperature. The main 
reason for such conclusion was the fact that some electrical 
parameters changed very little when the temperature was 
lowered from 77 K to 4.2 K, while a substantial change was 
observed when the temperature was lowered from 300 K to 
77 K.  In [11], the authors use the temperature variation of 
the transconductance as the self-heating monitor.  

The saturation observed for T<77 K is indeed 
affected by the device’s self-heating. However, such 
saturation is also the combined result of the weak 
temperature dependence of several parameters which may 
present a much stronger temperature dependence for T>77 
K. For instance, mobility may saturate as a result of neutral 
impurity scattering (in the case of a heavily doped 
uncompensated substrate) [1]. The threshold voltage, 
which also determines the transconductance, usually 
presents a saturation-like behavior at temperatures below 77 
K [16]. This effect is linked to the weak temperature 
dependence of the band-gap and the potential barrier 
through the depletion region.  

Although their observations are unclear, their 
conclusions are not too far from posterior experimental 
results. Other authors measured comparable temperature 
rises [11-13]; some of these results are shown in Table 1 for 
self-heating in MOSFETs. In [11], Sesnic and Craig applied 
a steep risetime voltage step on the drain of an n-MOSFET, 
and the temporal change of the drain current was recorded. 
It was assumed that this change reflected the transient 
increase of the temperature of the channel.  
 
Table 1. Results of self-heating in MOSFETs operating at low 
temperatures; these were measured by using the transient drain 
current method.  

Measured 
Time 

Constant 

Device 
Area 
(µµm2) 

Power 
 

(mW) 

Tamb 

  
( Κ )( Κ )   

∆ Τ∆ Τ   
  

( Κ )( Κ )   

[Ref] 

τth=1 µs @ 
4K<T<40K 
τth=10 ms @ 
40K<T<45K 

 
--- 

 
15 

 
4.2 

 
40 [11] 

 
τth>60 s 

 
760 30 

20 
80 
200 

24 
10 
9 

[12] 

 
τth>60 s 

 
3143 46-60 

20 
80 
200 

24 
12 
11 

[13] 

 
It was implicit that the thermal time constant (τth) of this 
device at such temperatures was much longer than any 
electrical relaxation time. So that, the initial drain current, 
IDS(t=0), was taken as its value at the ambient temperature, 
IDS(T=Tamb), as the self-heating process had not s tarted yet 
increasing the device temperature. By taking this initial 
value for different ambient temperatures, a calibration curve 
IDS(t=0)- Tamb was obtained. The value of IDS for a later time 
was taken as the value of IDS corresponding to the local 
temperature T=Tamb +∆T, ∆T being dependent on time. The 
steady state value of IDS was recorded after the transient, 
and the equivalent temperature is the value shown in the 
first row of Table 1, and two different values for the thermal 
time constant were observed for two ranges of temperature. 

A similar transient drain current (TDC) approach 
was used by Foty and Titcomb for an n-MOSFET [12], and 
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by Foty for a p-MOSFET [13]. In both of these works, the 
authors characterized ∆T for different power levels and for 
the wide temperature range of 20 K<T<200 K. A thermal 
time constant of the order of minutes was obtained 
regardless of the type of device, the ambient temperature 
and the power level. This τth is five orders of magnitude 
longer than the value measured by Sesnic and Craig. 
Besides this extremely long τth, another anomaly is observed 
in their reported ∆T. By comparing the second row (n-
MOSFET) with the third row (p-MOSFET) of Table 1, one 
can observe that a very similar ∆T was obtained under 
similar conditions, despite the difference on device areas. 
The p-MOSFET area is 4-times the area of the n-MOSFET. 
Hence, and for a first hand estimation, a higher ∆T should 
have been expected for the smaller device, as its geometry 
dependent thermal resistance, Rth, should have been higher. 
 Regardless of the anomalies already mentioned, the 
TDC approach is based on a wrong assumption. Such 
heating transient (if the heating were the responsible for the 
transient) must represent how long the heat generated in 
the channel takes to reach the heat sink (the bottom part of 
the substrate or the chip package), and not the heating of 
the channel. Actually, the device temperature must increase 
sharply (because of the very low value of CSi) to a maximum 
value just after the voltage is pulsed, and then must start 
decreasing to the steady state value as the heat is being 
transferred. In other words, the transient observed in [11-
13] seems to be not the result of the heating but of the 
cooling of the channel (T going from the initial peak value 
to the steady state value). Hence, what the authors took as 
IDS(T=Tamb) was actually the value of IDS(T=Tmax). 

Although the use of the TDC technique to 
quantify ∆T is questionable, it gave some insight on the 
value of the time constants involved at low temperatures. 
These transients, however, may not be due to thermal 
phenomena.  According to the results presented in Table 
1, the values of those time constants show a large 
dispersion. Sesnic and Craig [11] observed a strong 
temperature dependent time constant: 1 µs for 4.2 K<T<40 
K and 10 ms for 40 K<T<45 K. On the other hand, Foty 
[12,13] reported a temperature independent (for 20 K<T<200 
K) time constant of the order of minutes. As a support for 
the former results, one can mention the time constant 
reported by Gutiérrez et al. [14], whose values and 
temperature dependence are similar to those obtained in 
[11]: 1 µs at 20 K, 5 ms at 33 K and longer than 50 ms at 37 
K. Gutiérrez-D et al. [14] measured ∆T in a resistor by using 
another diffused resistor as a thermometer; these resistors 
were diffused in the Si substrate very close to each other. 
Thermal transients were recorded as a response to voltage 
steps with very steep edges. The thermal nature of these 
time constants can be verified by comparing them with the 
expected τth.. An analytic calculation of τth is not possible; a 
solution of the non-linear 3-D heat conduction equation 
must be found. However, an approximate 1-D solution can 
be used to visualize both the order of magnitude and the 

temperature dependence of τth. This can be done by taking 
the simple model of the thermal network for the silicon 
device shown in Fig. 2. 

 
 
Figure 2. Electro-thermal model of a diode [17]. The electrical 
parameters of the diode depend on Tj=∆T+Tamb . 

 
Figure 3. Calculated thermal time constant as a function of 
temperature for a typical silicon substrate. Some experimental data 
[11-14] are included for comparison. 

 
The circuital thermal time constant will simply be: 
             ττth = R Cth th

                                          (1)  

The thermal capacitance Cth is given by (a2l) CSi. The cross 
section and the length of the sample are a2 and l, 
respectively. The thermal resistance is given by l /(a2Kth). 
Hence, (1) can be written as: 

  

th

Si
2

K
Cl

=thτ                                          (2) 

The thermal time constant expressed by (2) is 
plotted in Fig. 3 against temperature. The values of Kth were 
taken from Fig. 1 and a typical substrate thickness of 500 
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µm was assumed for l. It can be seen that the value of τth 
may range from 32 ns at 4.2 K up to 2 ms at room 
temperature. This represents a variation of five orders of 
magnitude in this temperature range. 

As can be seen in Fig. 3, the time constants 
measured by Foty [12,13] behaves very different to the 
theoretical τth. Although a quantitative comparison is not 
possible in principle, it can be seen that the τth measured by 
Sesnic and Craig [11] and Gutiérrez [14] are not too far from 
the theoretical estimation. Nevertheless, they reported a 
much stronger variation for temperatures around 40 K. This 
may be due to occurrence of slower relaxation processes, 
such as the formation of the depletion region. 

 
3. Forced depletion region formation 
 

The behavior of the RT depletion region is well-
known; if a reverse bias is applied to a p-n junction, to a 
Schottky diode, or to the gate of an MOS device, the free 
carriers are instantaneously swept away by the surface 
electric field, resulting in the widening of the space charge 
region. This depletion region is always in thermal 
equilibrium and the time constant to reach it is dominated 
by the dielectric redistribution of free carriers. This 
relaxation has a very short time constant, inversely 
proportional to carrier concentration, much shorter than 
microseconds for any reasonably free carrier concentration. 

At intermediate temperatures (30 K< T < 200 K), 
with no hard freeze-out, the time constants are limited by 
thermal emission and recombination, processes that are 
absent in deep cryogenic conditions. 

At very low temperatures, shallow impurities in 
silicon devices are largely frozen-out in a neutral charge 
state. After applying a reverse bias, the trapped carriers are 
emitted from the impurities and swept out by the electric 
field until the depletion region returns to equilibrium, i.e. 
fully ionized. The long time constant involved in this 
process may be governed by shallow level impact ionization 
and recombination of impurities in MOSFETs [1] or by 
Poole-Frenkel mechanism in pn-junctions [23,24]. Some 
experimental evidence of this transient and field-dependent 
depletion region formation have been reported since the 
work of Saks et al. [19]. Rosencher et al. [24] have 
successfully modeled and simulated the Poole-Frenkel 
mechanism dependent transient current in silicon p-n 
junctions. 

Below 30 K, there are virtually no free electrons or 
holes present at equilibrium in neutral, zero electric field, 
nondegenerate silicon. At deep cryogenic temperatures, 
thermal ionization is absent, and only under non-equilibrium 
conditions dopants can be ionized. Return to equilibrium 
occurs with the trapping lifetimes for shallow ionization, 
which become shorter as the temperature drops. The 
possible mechanisms of emission from shallow level at low 
temperatures, as well as the respective emission rates are 
the following: 

-Thermal ionization; it is the dominant mechanism 
at high temperature, and the emission rate is given by [1] 

           ( )e T A T
E

K T
i

B
0 0

2=
−











exp                           (3) 

where A0 is a constant (3.33x108 s -1), KB is the Boltzmann’s 
constant, Ei is the activation energy of the trap and a T -2 
dependence is assumed for the trap cross section [18]. 
-Field assisted thermal emission (Poole-Frenkel); represents 
an enhancement of the thermal emission given by (3); this is 
due to the lowering of the electrostatic barrier of the 
impurity ion by an electric field [19,20] 

 

( )
( )( )

A T F A T
E F

K TPF
i

B
, exp
v

v

=
− −













0

2 ∆ E     (4) 

 
where ∆E(F)  is the electric field dependent barrier 

lowering: 

           ( )
s

Fq
FE

επ  
 

3

=∆
v

                      (5) 

where q is the elementary charge and εs is the permitivitty of 
silicon. 
- Impact ionization by a free carrier; in this process the 
ionization rate depends directly on the carrier concentration 
,n, and also depends on the ionization rate constant Aii [1] 

                     ( )e nA E F Tii ii i∝ , ,
v

        (6) 

-Quantum-mechanical tunneling; the trapped carriers tunnel 
to the respective free band when the Coulombic potential 
barrier drops due to the electric field. This mechanism 
dominates at higher electric fields and is given by [21] 

( ) ( ) ( )
( )A F

U F U F
E

E
U FTUN

i

iv
v

h

v

v=








 −



























3

3
2

exp         (7) 

where ( )U F
v

 is a characteristic energy that depends on the 

density-of-states effective mass for electrons, *
dem : 

               ( )U F
q F

mde

v h
=











3

4 2

2
3

*
             (8) 

-Phonon assisted tunneling; in this case the carrier is first 
excited thermally and then tunnels to the conduction band 
[22]. 

The regions of dominance of the ionization 

mechanisms in the plane 
v
F T−  are shown in Fig. 4 [1]. The 

location of the domains depends highly on material 
conditions, such as the initial carrier concentration; hence, 
the figure is purely indicative. 
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Figure 4. Dominance region of several mechanisms responsible for 
the ionization of impurities at low temperatures [1]. 

 
 

3. Time constants at low temperatures 
 
In this section, the thermal and several electrical 

time constants are calculated as a function of temperature 
and compared to each other. In spite of its great importance 
under deep cryogenic conditions and low electric fields, the 
relaxation time for shallow level impact ionization is not 
considered. This is because the emission rate depends 
strongly on the nonequilibrium carrier concentration, which 
is not possible to determine in closed form [1]. 

The time constants considered here belong to the 
different mechanisms that may lead to the relaxation of the 
depletion region and the calculations are for a 
nondegenerate, uncompensated phosphorus-doped piece 
of silicon. 

The Dielectric relaxation time is the time constant 
involved not with the impurity ionization process but with 
the redistribution of the majority carriers after the 
application of an external field. This relaxation time is simply 
expressed by: 

nq
Si

DIELECTRIC  
=

µ

ε
τ                      (9) 

where εSi is the silicon permittivity, q the elemental 
charge, µ the electron mobility, and n the thermal 
equilibrium free carrier concentration. To know n(T) , one 
has to numerically solve the transcendental equation for the 
Fermi level referred to the conduction band, EC-EF, which 
results from the neutrality condition: 

n T N T p TD( ) ( ) ( )= ++                 (10) 

where n(T)  and p(T)  are, respectively, the thermal 
equilibrium electron and hole concentrations, and N TD

+ ( )  is 

the concentration of ionized impurities. For the calculation 
of n(T)  and p(T) , Boltzmann statistics can be used; this is 
because the silicon is nondegenerate and EF will be several 
KBT below EC for the temperatures considered here. Fermi-
Dirac statistics are used to calculate N TD

+ ( ) , and (10) can 

be written as [25]: 

+























−−
+

−=











 −
−





























TBK
i

E)
F

E
C

(EDN
TBK

FECE

CN

exp
2

1
1

1
1exp

 













 −−
+

T
B

K
g

E)
F

E
C

(E

VN exp

                (11) 
 
where NC(T) and NV(T) are the effective density of states in 
the conduction and valence bands, respectively; ND is the 
total concentration of impurities, Eg is the bandgap and 
Ei=EC-ED. In (10), all the temperature dependencies have not 
been included for simplicity. Once that EC-EF is numerically 
determined, n(T)  can be calculated by using the left-hand 
term of (11). Due to the lack of a more elaborated treatment 
for low temperatures [26], the three carrier scattering 
mechanisms considered here will be combined using 
Mathiessen’s rule. This is a rough approximation because 
those mechanisms are not fully independent from each 
other. Hence, the total electron mobility is given by 

                         ( )µµ µµ µµ µµ= − + − + − −

L I N
1 1 1 1

            (12) 

 For the phonon scattering mechanism, the model of 
Sah et al. [27], which is valid for the 4.2 K<T<600 K 
temperature range, is taken for the lattice mobility: 

   

( ) ( )
µµ

L
T T

T( )
. .

=
− −

+
− −











1

4195 300
1 5 1

2153 300
3 13 1

   (13) 

The scattering by ionized impurities is modeled 
with a simplified form of the expression derived by Conwell 
and Weiskopf [28]: 

 
*

)(
3

5.1)2(64 2

)(
cmTNq

TK

D

BSi
I

T πε
µ

+
=                    (14) 

where mc
*  is the conductivity effective mass for electrons, 

which also depends on temperature through the 
dependence on temperature of the transversal effective 

mass, *
tm , and the longitudinal effective mass, *

lm , [25]: 
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*
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−

1
3

2 1
1

             (15) 

Finally, the scattering by neutral impurities is 
considered. For uncompensated materials, this mechanism 
might be dominant at temperatures below 50 K [26]: 

















 − +
=

Si

c

m
m

TNN
DDB

N a

qT
ε
εµ 0

0

*

)(20
)(

h

             (16) 

where a B is Bohr’s radius, ε0 is the permittivity of the free 

space and m0 is the free electron mass. 
 
Electron concentration and electron mobility are 

plotted in Fig. 5 for several values of the total doping 
concentration. These curves were found by solving the 
system formed by (10)-(16). 

To obtain the relaxation time characteristic of the 
Poole-Frenkel mechanism, one must take the kinetic 
equation describing the ionization-trapping rate by 
impurities in the silicon [24]: 

dN
d t

A N N nB ND
PF D D T D

+
+= − −





+  (17) 

where APF and BT are the emission rate and the 
thermal recombination rate, respectively. 

 
Figure 5. Calculated electron concentration and electron mobility as 
a function of temperature for several values of the doping 
concentration. These results are valid for a phosphorus doped 
uncompensated sample of silicon. 

 
By assuming no spatial variation of the ionized 

doping concentration, (17) can easily be solved for 

N TD
+ ( ) , obtaining an exponential solution with a time 

constant given by  

( )ττ PF T F

PF TA nB
,
v =

+
1                 (18) 

The emission rate is given by and (4) and (5). The 
thermal recombination rate, on the other hand, can be 
assumed not to be affected by the electric field [24]. In any 
case, in the regions where the electric field is important, the 
whole term nBT is negligible, since according to 
Boltzmann’s statistics n is very low. 

A detailed balance applied to (17) under zero-field 
conditions then leads to  

( )
( )
( ) ( )

B
A F

n T

N

N T
T T PF D

D

=
=

−












+

v
0

1      (19) 

where ( )A F
PF

v
= 0  is the zero-field Poole-Frenkel 

emission rate, i.e., the pure thermal emission rate. n(T)  is 
simply the thermal equilibrium electron concentration 
calculated by using (10) and (11).  

The treatment for the relaxation time characteristic 
of quantum-mechanical tunneling  mechanism is similar to 
that for the Poole-Frenkel. The only difference is that now 
the emission rate will be given by (7) and (8): 

           ( )ττ TUN T F

TUN TA nB
,
v

=
+

1         (20) 

The time constants expressed by (18) and (20) are 
plotted in Fig. 6 for two extreme doping concentrations and 
several values of the electric field. The dielectric and 
thermal time constants are also included for comparison. 
The former is the one calculated using (9) and the results 
shown in Fig. 5 for electron concentration and mobility. The 
latter was taken from Fig. 3. 

Many interesting facts can be observed in Fig. 6.a) 
for temperatures around 300 K. The limiting process for the 
relaxation of the depletion region is simply the dielectric 
one. It is the longest of the electrical time constants. The 
tunneling process can be much slower for electric fields 
lower than 105 V/cm; however, it is unimportant as the 
relaxation by pure thermal ionization (zero-field Poole-
Frenkel) is much faster. So that, the latter is the dominant 
impurity ionization process and is much slower than the 
dielectric one. A slight difference can be observed when the 
impurity concentration is incremented by 5 orders of 
magnitude, as shown in Fig. 6.b).  
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Figure 6. The thermal and several electrical time constants as a 
function of temperature, for a) ND=1012 cm-3, and b) ND=1017 cm-3. 
The value of the electric field is indicated in parentheses for the 
Poole-Frenkel and Tunneling mechanisms.  

In this case, the dielectric time seems to be shorter 
than the pure thermal ionization time constant. It then 
suggests that the limiting process is the ionization of 
impurities. Nevertheless, these times are of the same order 
of magnitude (10-13 s), and are so short that the distinction 
between them becomes meaningless. For both extreme 
doping concentrations, the thermal time constant is from 6 
to 10 orders of magnitude longer than any other; hence, the 
RT heat transfer is much slower than the relaxation of the 
depletion region. As the temperature decreases, all the 
electrical time constants increase, while the thermal one 
decreases monotonically. No qualitative change is 
observed from room temperature to around 100 K; the heat 
transfer is still the slowest process. However, for 
temperatures below 50 K and low electric fields, no matter 
what the doping concentration is and which process limits 
the formation of the depletion region, the thermal time 

constant is of the same order of magnitude that the 
electrical time constants.  

According to Fig. 6, the thermal time constant may 
even be the shortest under deep cryogenic conditions, 
below 30 K. As was already established, this picture 
changes when high electric fields are applied to the silicon 
sample. In such cases, the field-activated time constants 
become several orders of magnitude shorter than any other 
making the relaxation of the depletion region much faster 
than the transfer of heat. 

 
4. Conclusions 

 
Some published experimental results on transient 

SH of Si devices at very low temperature were discussed in 
this work; these showed a very disperse set of data, making 
it too difficult for any quantitative comparison. The source 
of such differences may be partially attributed to 
particularities inherent to every experiment. The erroneous 
assumptions upon which the TDC experimental procedure 
was based, gave place to many anomalies for the 
temperature rises and time constants reported.  

The thermal time constant for a typical silicon die 
was calculated for the temperature range from 300 K to 4.2 
K. This was compared to several electrical time constants 
that characterize the relaxation of the depletion region. This 
estimation leads to the conclusion that any transient 
phenomenon under deep cryogenic conditions must be due 
to the combined effect of both electrical and heat transfer 
phenomena. This is because their time constants are of the 
same order of magnitude for relatively low electric fields. 
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