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Intrinsic concentration, effective densities of states, and effective 
mass in silicon 

Martin A. Green 
Joint Microelectronics Research Centre, University of New South Wales, Kensington, Australia 2033 

(Received 29 August 1989; accepted for publication 14 November 1989) 

An inconsistency between commonly used values of the silicon intrinsic carrier concentration, 
the effective densities of states in the conduction and valence bands, and the silicon band gap is 
resolved by critically assessing the relevant literature. As a result of this assessment, 
experimentally based values for the valence-band "densities-of-states" effective mass are 
determined in the 300-500 K range and are shown to be in good agreement with recent 
theoretical calculations. At 300 K, experimentally based values of 3.1 X 1019 cm -3 for the 
valence-band effective densities of states and 1.08 X 1010 cm- 3 for the intrinsic carrier 
concentration are determined. Although in good agreement with theoretical calculations, these 
are significantly higher and lower, respectively, than commonly used values in the past. These 
results have important implications in the calculation of other silicon material and device 
parameters. 

I. INTRODUCTION 

A parameter of prime importance in semiconductor de­
vice physics is the intrinsic carrier concentration. ] The effec­
tive densities of states in the conduction and valence bands 
playa similarly important role.] The latter also are impor­
tant more generally in semiconductor physics, for example, 
in the interpretation and modeling of the properties oflevels 
introduced by dopants, impurities, and defects into the semi­
conductor forbidden gap.2 The carrier effective masses are 
accessible experimentally and enter into the theoretical ex­
pressions for the previous parameters as well as into the ex­
pressions for the carrier thermal velocities. The latter are 
again important in the interpretation and modeling of the 
properties of gap levels. 2 

Despite the importance of these parameters, commonly 
used values (e.g., Refs. 1, 3, and 4) are easily shown to form 
inconsistent sets. The magnitude of this inconsistency is 
such that, in energy detenninations, errors of up to 30 me V 
can result as can errors in carrier concentrations and device 
terminal properties of a factor of 2. Significant errors can 
also occur in calculating impurity ionization percentages 
and optical and electronic capture cross sections of dopant 
and defect levels. 

The aim of the present work is to identify the source of 
the inconsistency mentioned above by critically evaluating 
the literature leading to the adoption of currently accepted 
values. As a result of this examination, a self-consistent set of 
these parameters was identified that removes the discrepan­
cies previously noted. 

As an additional result of this work, experimentally 
based values for the valence-band density of states and the 
corresponding valence-band effective mass are derived over 
the 300-500 K range. 

II. CALCULATED VALUES 

The intrinsic concentration nj and the effective densities 
of states in the conduction and valence bands, Nc and N v, 
respectively, are related by the semiconductor band gap Eg 

(1) 

where k is Boltzmann's constant and T the absolute tem­
perature. N c and LV v are given by! 

Nc = 2(21Tm~ckTlh 2)3/2, (2) 

N . = 2(21Tm* kTlh 2)3/2 v d!J ' (3) 

where m~c and m~" are the density-of-states effective masses 
in the conduction and valence bands, respectively, and h is 
Planck's constant. Replacing physical constants by their rec­
ommended values5 gives 

Nc = 2.540 933(32) X 1019(m~jmo)3/2(TI300)J/2cm\ 
(4) 

N v = 2.540 933(32) X lO'9(m~jmo)312(T 1300»)/2cm -3, 

(5) 

where mo is the electron rest mass and the digits in parenthe­
ses foHawing 2.540933 indicate the uncertainty in the pre­
ceding digits. (This is a convention which will be adopted 
throughout this paper.) Explicit values for N c and N v can 
be calculated once the effective masses are known (generally 
temperature dependent) . 

Silicon has six equivalent conduction-band minima 
forming ellipsoidal constant energy surfaces located about 
85% of the distance along (100) equivalent directions in 
phase space towards the edge of the first Brillouin zone. 6 The 
corresponding density-of-states effective mass is 

(6) 

where m~ and mr are the transverse and longitudinal effec­
tive masses associated with the ellipsoidal constant energy 
surfaces. The structure near the valence-band maximum at 
the center of the Brillouin zone consists of doubly degenerate 
"light" and "heavy" hole bands plus a "split-off" hole band. 
Assuming these bands are isotropic and parabolic, the va­
lence-band density-of-states effective mass is given by 

'n* - {m*312 + m*3/2 
f dv - tlh hh 

(7) 

where mt" mt", and m;, are the effective masses ofthe bands 
suggested by the respective subscripts and ~ is the energy 
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difference between the energy maximum in the "split-off" 
band and the other two bands. Its measured value is 
0.0441(3) eVat 1.8 K.7 

Low-temperature cyclotron resonance studies giveS 

m~ = 0.1905 ( 1 ) mo, 

mr = O.9163(4)mo· 

(8) 

(9) 

Note that the above value of mr differs significantly 
from the often quoted larger value of 0.98. 1

,9 The larger val­
ue actually arises from the earliest cyclotron resonance mea­
surements of these parameters. lO

,lI Several more recent 
studies confirm the smaller value l2

,13 which can now be in 
little doubt. 

In an earlier review of the topic of the present paper, 
Barber6 suggested a temperature dependence of conduction­
band effective mass based on the good agreement between 
cyclotron resonance measurements of Stradling and Zhu­
kov l4 at low temperatures and Faraday effect measurements 
of Ukhanov and Mal'tsev!5 at higher temperatures. How­
ever, subsequent and more accurate cyclotron resonance 
measurements of the transverse effective mass 16 have sug­
gested a much lower temperature dependence than these 
earlier measurements. A closer examination of the results of 
Ukhanov and Mal'tsev l5 also shows that the postulation of a 
relatively large effective mass increase with temperature is 
based on an anomalously high 23% increase in electron con­
centration in a phosphorus-doped silicon specimen when 
heated from 293-600 K. This anomaly was attributed to 
"the impurity levels of phosphorus atoms." A more likely 
explanation would be the temperature dependence of the 
Hall factor for electrons l7

; a parameter assumed constant in 
calculating the previous results, As a consequence, there is 
now no soundly based experimental support for the tempera­
ture dependence of the conduction-band effective mass pro­
posed by Barber.6 

The most reliable measurements to date of the tempera­
ture dependence of the transverse effective mass are those of 
Ousset et af. 16 These results are included in Fig. 1. There are 
theoretical grounds for expecting an even weaker depen­
dence of the longitudinal effective mass. l4 The experimental 
results of Stradling and Zhukov 14 support this view, al­
though some doubt is cast on this result by the correspond­
ing overestimation of the temperature dependence of the 
transverse mass. 

Theoretically, a change in conduction-band effective 
mass with temperature could be expected from two effects: 
( 1) a change in the shape of the energy-momentum curves 
with temperature as the lattice expands and more signifi­
cantly as electron-phonon interaction energies change 1 s; (2) 

increasing occupation of the regions of the band away from 
the band edge at increased temperature, which will highlight 
any departures from parabolicity expected in these regions. 

Macfarlane et 01.19 suggest a very simple model for the 
former effect of temperature. The model assumes that the 
decrease with temperature observed for the silicon band gap 
is simply due to a temperature-dependent energy scaling fac­
tor. As the temperature increases, states away from the band 
edge would then approach the other band more quickly than 
those at the edge. This would flatten the bands and so in-

2945 J. Appl. Phys., Vol. 67, No.6, 15 March 1990 

0.205 

-) 

j 
i 

100 200 300 4CO 500 

Temperature. K 

FIG. I. Experimental transverse effective mass in silicon (m~/mo) as a 
function of temperature (Refs. 8 and 16). The solid line shows the function 
[0.1905 EGG lEG ( T) 1 found to describe the data from 0-300 K. The dotted 
line shows a more conservative extrapolation of the data giving a 3.5% low­
er estimate of m~ at 500 K. 

crease effective masses. Results from recent theoretical stud­
ies of the temperature dependence of the silicon band ener­
gies IS show some correlation between the energy above the 
valence-band maximum of the limited fraction of conduc­
tion-band states studied and the reduction of this energy 
with temperature, Such a model would predict an effective 
mass increasing with temperature by a factor EGO / EG (T), 
where EGO is the value of the band gap E(; (T) at T = 0 K. 
This is presumably the origin of such an "energy dispersion" 
factor which appears in the work of Barber. (, 

Rather surprisingly, it was noted in the present work 
that the experimental temperature dependence of mr shown 
in Fig. 1 could be described to within experimental accuracy 
by multiplying the measured low-temperature value by this 
factor. This provides a useful parametrization of these data, 
although the explanation for the good fit may be more subtle 
than that outlined above. Ousset et aI, 16 have interpreted the 
temperature dependence of the same data in terms of a non­
parabolicity of the conduction bands. Other experimental 
and theoretical work supports this interpretation. Hi 

In summary, recent experimental work suggests a rela­
tively weak temperature dependence of m~ and theoretical 
considerations suggest an even weaker dependence of mr, 
The approach used in the calculations that fonow will be to 
assume mr has the value O.9163mo, independent of tempera­
ture, and to assign m~ /mo the value 0.1905EGoIE(; (T) (ex­
pressions for EG (T) are subsequently discussed], Using this 
formulation, the low-temperature density-of-states effective 
mass would be 1.062mo at 4.2 K in agreement with Barber.6 

However, the best present estimate of the 300-K value ofm~c 
would be 1.09 mo, somewhat lower than the value of 1.18 mo 

suggested by Barber. (} The best present estimate of the vari~ 
ation of m~c with temperature is included in Table I, dis­
cussed subsequently. The values shown are reasonably 
soundly based for temperatures below 300 K, but are less 
soundly based above this temperature. However, due to the 
small variation with temperature expected from both theo­
retical and experimental considerations, the tabulated val-
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TABLE 1. Calculated dependence upon absolute temperature of the silicon intrinsic carrierCOllcentration, n,. the elTective densities of states, 1'1'" and 1'1' v' the 
density-of-states effective masses, m;c and m~v' and the thermal velocity effective masses, m;;' and m~_. Also shown is the band gap, E". based on the best 
available experimental data (Refs. 19 and 35). 

T(K) n, (em 3) Nc (em ') N v (cm- J ) E" (eV) m~c/mo m~(.lnlo m~./mo mi,/mo 

4.2 3.14XIO 686 4.55x 10'" 1.87X 1016 1.1700 1.06 0.59 0.27 0.37 
50 1.64X lO -41 1.87X 10 1

" 9.78X 101
' 1.I690 1.06 0.69 027 039 

100 1.95 X 10- 11 5.31 X lU'" 3.66X 10'" 1.1649 1.06 0.83 0.27 0041 
ISO 3.16X 10 I 9.81 X 10'8 8.16X lOl" 1.1579 1.07 0.95 0.27 0.42 
200 5.03 X 104 1.52 X IO ' '! 1.43 X 10'9 1.1483 1.08 1.03 0.27 OAI 
250 7.59X 107 2.15xlO 19 2.20x 10 19 1.1367 1.08 1.l0 0.27 0.41 
300 L07X 10lc 2.86X 10\9 3.10X 10\<) 1.1242 L09 US 0.28 0.41 
350 3.92X 10" 3.65 X 10'9 4.13 X 10 '9 1.1104 1.10 1.19 0.28 OAO 
400 6.00X 10\2 4.5\ X 1019 5.26X 10'9 1.0968 1.11 1.23 0.28 0.40 
450 S.l! X 1013 5.43 X 1019 6A9X 10'9 1.0832 1.12 1.29 0.28 0.40 
500 2.89 X 1014 6.46 X 1019 7.81 X 10'9 1.0695 1.13 1.29 0.28 0.39 

ues are expected to be accurate to within a few percent over 
the temperature range shown, 

Another important effective mass is that which deter­
mines the average thermal velocity of carriers Uth as de­
scribed by the expression 

Vth = (8kT l1Tm~y/2, (10) 

For the conduction band, this thermal velocity effective 
mass, m't, is given by20 

m~ =4mr/[l + (mr/mi)1/2sin' 1(8)/8]2, (1) 

where 

82 = (m! - m,()lmT, (12) 

Using the same values of m~ and mT as for the density­
of-states calculation, the calculated temperature variation of 
the thermal velocity effective mass is also induded in Table 
L This mass is required for calculating cross sections from 
capture rates, 

o 
E .-: 
'" E 

0.5 A cyclotron resonance 

o indium ionization 

IS intrinsic concentration 

OL-__ ~ ____ ~ ____ ~ ____ -L ____ ~ 

a 100 200 300 400 500 

Temperature, K 

FIG. 2. Valence-band density-of-states effective mass ill silicon (m~,./m,,) 

as a function of temperature. Curves A (Ref 6). B (Ref. 24), C (Ref. 20), 
and D (Ref. 20), show the results of theoretical calculations based on iow­
temperature cyclotron resonance data (Ref. 21 ). The high-temperature ex­
perimental points are derived in the present work from indium ionization 
data (Ref. 26) and from experimental measurements of the intrinsic carrier 
concentration. The error hars show the nne-standard-deviation uncertainty 
in the experimental data. 
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In contrast to the conduction-band effective mass, that 
for the valence band is expected to be more temperature sen­
sitive, Not only is there an explicit temperature dependence 
as indicated by Eq. (7) due to increasing hole population in 
the split-off band at high temperatures, but all three bands 
are known to be nonisotropic and nonparabolic. Band pa­
rameters have been extracted from the experimental cyclo­
tron resonance studies of Hensel and Feher21 by Balslev and 
Lawaetz,22 Lawaetz,23 and in an unpublished work of Hen­
sel cited by Humphreys.2o 

Recent theoretical calculations of Madarasz et a l. 24 and 
Humphrcys20 show that the earlier work ofBarber6 underes­
timated the temperature dependence arising from the anisot­
ropy and nonparabolicity of these bands, Figure 2 compares 
the results of these calculations. Curve A is that calculated 
by Barber6 using the valence-band data of Balslev and 
Lawaetz,22 while curve B is the result of a more rigorous 
calculation by Madarasz et al. 24 using the same data, Curve 
C is that calculated by Humphreys20 also using these data 
but a different numerical approach. Finally, curve D is that 
also calculated by the latter author using the different va­
lence-band parameters attributed to Hensen. 2o The differ­
ence between curves C and D is a measure of the uncertain­
ties arising from interpretations of the same cyclotron 
resonance data. None of the more recent calculations 
(curves B, C, and D) includes the effects of changes in the 
shapes of the bands with temperature. The effective mass in 
curve A (Ref. 6) includes multiplication by the factor EGO I 
EG (n, where the probable origin of this factor was dis­
cussed earlier. However, theoretical studies of the tempera­
ture dependence of valence-band energies in the Brillouin 
zone suggest that valence bands move more or less uniformly 
upwards with temperature. 18.25 This would mitigate against 
the previous factor being appropriate, In any case, the effec­
tive-mass changes resulting from such effects of temperature 
upon band shape are likely to be less significant than the 
uncertainty apparent in Fig. 2. As previously mentioned, the 
latter uncertainty arises in calculating temperature depend­
encies resulting from anisotropy and nonparabolicity. 

Prior to the present paper, there was limited experimen­
tal data for valence band effective densities-of-states effec­
tive mass at high temperature to support the previous calcu-
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TABLE II. Estimates of the uncertainty in the parameters required to ex· 
tract effective·mass values from the indium ionization data of Ref. 26. 

Parameter 

Indium concentration: 
Capacitance·voltage 
Flameless atomic absorption 

Hole concentration: 
From Hall effect data 
Hall factor correction (Ref. 27) 

Indium activation energy 

Uncertainty 

5% 
5% (Ref. 26) 

5% 
5% 
3meV 

lations. One source is the recent work investigating the 
fraction of indium dopants ionized near room tempera­
ture. 26 By comparing calculated and experimental ioniza­
tion fractions, it was shown qualitatively that the effective­
mass values shown in curve D of Fig. 2 gave better 
agreement than those of curve A or curve C. The calcula­
tional procedure outlined in Ref. 26 can be extended to give 
more quantitative information. By finding the precise effec­
tive·mass value to give agreement between calculated and 
experimental results for each of the five specimens mea­
sured, an effective-mass value of 1.1 Omo is found at the mean 
sample temperature of 299 K, with a standard deviation of 
10.3 %. While the latter accommodates random errors in the 
measurement procedure, indeterminate systematic errors 
increase the uncertainty of this measurement approach. Us­
ing the estimates of indeterminate errors in Table II and 
assuming that these are independent gives the final hole den­
sity-of-states effective-mass value of 1.1O( j 8 )mo' The digits 
in parentheses in this case represent the estimate of the one­
standard-deviation uncertainty in the last digits of the given 
mass. This experimental result is also plotted in Fig, 2, as is 
the low-temperature experimental cyclotron resonance re­
sult and other experimental results derived in this work, to 
be discussed in Sec. IV. 

The above indium ionization result confirms that the 
valence-band effective-mass values of Barber6 are too low 
near room temperature. The experimental value is in better 
agreement with the more recent calculations, with those by 
Madarasz et al.24 giving the closest overall agreement. The 
effective mass corresponding to the latter can be described 
by the expression2S 

m~v __ (a + bT + CT2 + dT J + eT4)2/3 
mo 1 + fT+gT2 + hT3 + iT4 ' 

(13) 

where the coefficients are given in Table III. Due to the good 
fit with the indium ionization result and the intermediate 
position between the two data sets calculated by Hum-

TABLE III. Coefficients (Ref. 28) to fit the effective-mass values used in 
Eg. (13). 

a = 0.443 587 0 
b = 0.360 952 8 X 10-2 

c=O.1l73515xlO -3 

d=O.1263218xlO 
e = 0.302 558 1 X 10 " 

f = 0.468338 2X 10- 2 

g = 0.228 689 5 X 10' 
h = 0.746 9271 X 10 6 

i = 0.172 748 1 X 10- g 
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FIG. 3. Conduction- and valence·bands effective densities of states in sili· 
con (Nr and N v, respectively) as a function of temperature. The experi­
mental points for ]V v are derived in the present work from indium ioniza­
tion data (Ref. 26) and from experimental determinations of the intrinsic 
carrier concentration. 

phreys,20 the mass given by the above equation was used in 
the calculations that follow. 

Figure 3 shows the conduction- and valence-band densi­
ties of states as a function of temperature calculated using 
the designated effective-mass values. Note that the valence­
band density of states so calculated exceeds that of the con­
duction band above about 250 K. Also shown is the experi­
mentally determined value of N v from the indium ionization 
results previously discussed, and other experimental results 
derived in Sec. IV. 

At temperatures below 50 K, the temperature depen­
dence of both calculated effective densities of states ap­
proaches the T3/2 power expected from Eqs. (2) and (3), At 
higher temperatures, the temperature variation of the effec­
tive mass modifies this dependence. Over the 200-500 K 
temperature range, the calculated densities of states can be 
described to within about 2 % accuracy by the expressions: 

Nc =2.86XlO19 (TI300)L58 cm- 3
, (14) 

(15) 

To calculate the theoretical value of the intrinsic carrier 
concentration, the other parameter required is the silicon 
band gap as a function of temperature. At the time of an 
earlier review by Barber,6 the best values were those derived 
by Macfarlane et al. 19 from a careful analysis of the optical 
absorption edge of silicon. These had to be corrected by the 
exciton binding energy in silicon which, in Barber's paper," 
was given various values in the range 0--10 meV since its 
value was unknown at that time. 

The exciton binding energy Ebx has subsequently been 
the topic of quite extensive theoretical and experimental 
studies. Theoretical studies indicate the exciton ground state 
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is split into two energy levels [.:16 and 1J..7 (Ref. 29) ] separat­
ed by 0.32 meV by the anisotropy of the silicon conduction 
bands.30 While there is adequate experimental work sup­
porting such a splitting,31 the most recent experimental 
work suggests that each of these two levels splits further into 
three.J2 This is attributed to electron-hole correlation ef­
fects. 32 Five of these six levels have been identified experi­
mentally, spread over an energy of 0.49 meV,32 

The splitting complicates the experimental determina­
tion of E bx ' The most widely accepted value at present is the 
value of 14.7 (4) meV determined from wavelength modula­
ted optical absorption measurements. J3 The energy actually 
measured to produce this value is that between the ground 
state of the exciton and its first excited state. This is extrapo­
lated to the value previously cited assuming a hydrogenic 
series of excited states. Theoretical calculations indicate that 
this is a reasonable assumption for excitations between "s­
type" states,29 The measured binding energy is assigned to 
the lower binding energy Li.6 state,29 presumably due to the 
strong coupling34 between this state and the transverse opti­
cal phonon which dominates absorption processes in silicon. 
The measured value is in good agreement with the theoreti­
cal values30 of 14.7 me V for the 6.6 state and 15.0 me V for the 
1J.. 7 state. Moreover, measured gaps between the ground state 
and ''p-type'' levels32 also agree well with theory,30 increas­
ing confidence in a value of EXb lying in the 14.7-15.0 meV 
range. 

Since the work of Macfarlane et al.,19 Bludau et al,35 
have reported work of a similar accuracy directed specifical­
ly at determining the variation of silicon band gap with tem­
perature using wavelength modulation optical absorption. 
An error of the order of 1 me V is estimated in this work 
arising primarily from uncertainties in the exciton binding 
energy (as previously discussed), in the energy of the trans­
verse optical phonon involved in optical absorption pro­
cesses in silicon, and in the temperature dependence of both 
quantities, 

Although Raman scattering measurements now allow a 
reasonably accurate estimation ofthe temperature variation 
ofthe TO phonon energy36 (of the order of 0.5 meV decrease 
over the 0-300 K range), this was neglected in the previous 
work. There are no known experimental data on the tem­
perature dependence of the exciton binding energy. 

When corrected for an inappropriate conversion factor 
between wavelength and energy and when the exciton bind­
ing energy is added, the data of Macfarlane et at, 19 agree with 
the more recent data of Bludau et al. 35 to within 1 meV. 
Moreover, the data of Macfarlane et al. 19 extends to 415 K 
and appears to be the most accurate available beyond 300 K. 
Bludau et al. 35 have fitted their experimental data to within 
O.2meV over the range 0-190 K and 150-300 K with expres­
sions of the form 

(16) 

where the coefficients A, B, and C for each of these two 
ranges are given in Table IV. Above 250 K, the available data 
can be described to within experimental accuracy (1 me V) 
by a simpler expression, 

(17) 
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TABLE IV. Coefficients for describing the variation of silicon band gap 
(eV) with temperature in K [E Ii (]"! =A + BT+ CT21. 

Trange 
(K) A B C 

0-190 1.1700 1.059 X 10 5 -6.05XlO- 7 

150-300 1.1785 - 9.025 X 10-5 _ 3.05XIO- 7 

250--415 1.206 -. 2.73x 10- 4 0 

Given the band gap and the effective-mass values en­
dorsed above, the value of the intrinsic carrier concentration 
can be calculated from Eqs. (l )-( 3). Calculated values at 
selected temperatures are shown in Table I and will be dis­
cussed in subsequent sections. Also shown in Table I are 
consistent values for the thermal velocity effective masses for 
electrons and holes, calculated from Eq. (11) and from Ref. 
20, respectively. 

1110 EXPERIMENTAL VALUES 

A. Review of past work 

The most direct measurement of the intrinsic carrier 
concentration involves measuring the conductivity 0' of sili­
con at relatively high temperatures where it has intrinsic 
properties. At such temperatures, 

O'=q(fin+f-1p )n;. (18) 

where q is the electronic charge and fin and f-lp are electron 
and hole mobilities. 

However, the mobilities are most readily measured at 
lower temperatures where the silicon has extrinsic proper­
ties. Hence, to determine ni , the conductivity and the elec­
tron and hole mobilities are measured in at least two differ­
ent samples over different temperature ranges. 

An early but authoritative study of this type was that of 
Morin and Maita. 37 Intrinsic conductivity was measured at 
temperatures above 450 K, while mobilities were measured 
in the extrinsic region at 400 K and below. The mobilities, 
with appropriate weighting for data at the higher end of this 
range, were fitted by the following expressions: 

fln = fLno (T ITo) - ex", 

fLp = fLp.) (T/To) - up, 

(19) 

(20) 

where fLno and #pO were given the values of 1450 and 500 
cm2 V-I 5- 1 for To equal to 300 K, while an and a p were 
assigned the values of2.6 and 2.3, respectively. 

Using these expressions to extrapolate mobilities to the 
higher-temperature intrinsic regions allows the intrinsic 
concentration to be found. The expression fitted to the data 
so calculated takes the following form below 700 K 37

: 

n i = 3.87x 10 16
1'3/2 exp( - O.605q/kT) cm- 3

• (21) 

Putley and MitcheIl l8 undertook similar measurements 
but used much more lightly doped specimens which ex­
tended the intrinsic region of operation to below 400 K. Con­
ductivity mobility was not measured in this work but was 
calculated from the measured Hall mobility. To counteract 
possible limitations of this procedure, the intrinsic concen­
tration was also calculated using the minority-carrier drift 
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mobility measurements of Ludwig and Watters, 39 The final 
expression for the intrinsic carrier concentration derived by 
Putley and Mitche1l3

!! gave approximately equal weight to 
values of ni derived using both types of mobility data and 
took the form 

n i = 3,lOx 10[61'3/2 exp( - 0,603qlkT) cm-- 3 • (22) 

Wasserrab40 combined the more comprehensive con­
ductivity measurements of Fulkerson et al.41 with the mobil­
ity data accumulated by Jacoboni et al.42 giving the follow­
ing expression for n,: 

fIi = 5.71 X ION( T 1300)2365 exp( - 67331T) cm- 3 . (23) 

A significant contribution to this area overlooked in pre­
vious reviews6.40.4

3 is work on "superpure" float-zone silicon 
subject to 71 zone passes by Hoffmann et al.44 This material 
had a room-temperature resistivity of 150 K f! cm com­
pared to the 6 K n cm materialJ8 which was the purest mate­
rial used in previous studies. This material entered the intrin­
sic range at relatively low temperatures above 310 K. 
Measurement of the conductivity up to 373 K allowed in­
trinsic concentrations to be calculated at much lower tem­
peratures than previous measurements. Calculated values 
were in good agreement with values given by Eq. (22) from 
the work QfPutley and Mitchell,38 although slightly lower at 
the lowest temperatures involved. 

Finally, Herlet45 calculated the temperature depen~ 
deuce of ni from the temperature dependence of p-i-n junc­
tion diode characteristics. This approach has the advantage 
of extending measurements to lower temperature. It, how­
ever, requires a knowledge of the temperature dependence of 
additional semiconductor parameters. It is consequently not 
as direct an approach as that based on the intrinsic conduc­
tivity. Results derived are inconsistent with those of Hoff­
mann et al.44 

8. Reassessment of experimental n{ 

1. Intrinsic resistivity 

Above 500 K, there have been several studies of the re­
sistivity of intrinsic silicon. 37A1

,46 All these give virtually 
identical results, They show an intrinsic resistivity (Pi) 
whose logarithm increases linearly with increasing 1/1' 

log (Pi ) = A + BIT. (24) 

Values of the intrinsic resistivity extracted from the 

published curves resulting from the previous studies all 
agree to the accuracy with which data can be extracted. 

Of these, the work of Fulkerson et al.41 was chosen as 
being the most suitable for the present purposes. One advan­
tage is that a relatively high extrinsic resistivity sample was 
used in this study (150 n cm at room temperature) which 
extends the intrinsic region to below 500 K. A second advan­
tage was a relatively large number of data points in the in­
trinsic range of operation. A third advantage is the inclusion 
of error estimates. The accuracy of the resistivity measure­
ment is estimated as 1.8% while the accuracy of temperature 
measurement was conservatively estimated as 2 "C. 

These authors used both poly crystalline and single­
crystalline samples in their study and arrived at values in Eq. 
(24) of A = - 4.247 and B = 2,924, for Tin K and Pi in 
n em. Unfortunately, the accuracy of the fit of this expres­
sion to the experimental data was not discussed. The authors 
state that results for polycrystalline and crystalline speci­
mens agreed to about 2%. However, the above values of A 
and B do not give agreement to this accuracy with the results 
shown by these authors in graphical form for a single-crystal 
specimen subject to quite extensive measurement. Since sin­
gle-crystal silicon was of prime interest in the present work, 
the published data for single-crystal silicon was refitted giv­
ing A = - 4.2953 and B = 2947.8. These values are only 
about 1 % different from those published by Fulkerson et 
al.41 

Values calculated with these revised values are shown in 
the top row of Table V, The values above 500 K agree with 
the published data of Fulkerson et al.4

! for single-crystal 
silicon, while also giving very good agreement with those of 
Morin and Maita31 and Burton and Madjid"6 at tempera­
tures where intrinsic behavior is displayed. 

Below 500 K, there are less extensive data available due 
to the high resistivities required to maintain intrinsic proper­
ties at such temperatures. Pudey and Mitchel13K have mea­
sured the intrinsic conductivity at temperatures below 400 K 
using specimens of room-temperature extrinsic resistivity in 
the 2-6 kH cm range. Their results highlight the need to 
apply corrections to the measured data once the intrinsic 
resistivity reaches a value within about an order of magni­
tude of the extrinsic resistivity. Pudey and MitcheU38 show 
data for three specimens with about 30% difference between 
intrinsic resistivity values around 500 K. However, for un-

TABLE V. Experimental values ofthe intrinsic resistivity of silicon (Pi) as a function of absolute temperature (1). The digits in parentheses arc estimates of 

the oncestandardedeviation uncertainty in the last digits of the given resistivity. The values shown arc based on fitting the equation !Og(Pi) A + B /T to the 

experimental data. The coefficients A and B are shown for the three data sets tabulated. for Tin K and P, in n em. 

Resistivity (k!2 em) Coefficients 
--~---------

Reference T= 300 K T= 350 K T=400K T,~ SooK T= 700 K T=iOOOJ A B 

41 339(71)k' 13.40(21O)k' J l86( 140)" 39.8(8) 0.824( 16) 0.0449(9) -- 4.2953 2947.8 
38 303(48)k' 12.46(l21)k' 1138(34) 39.9( 12) - 4,2187 2910.0 
44 292 (29)k' 13.15(79)k 1286( 144)" -- 3.9605 2827.S 

Assigned 
value 3OO(23)k 12.98(63)k 1148(32) 40(1) 0.82(2) 0.045 ( 1) 

"Extrapolated value (k"",K n em). 
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specified reasons, these authors express most confidence in 
one sample (ZG131) for which an accuracy of 5% is esti­
mated. This sample gives excellent agreement with the sub­
sequent results of Fulkerson et al. 41 around 500 K as indicat­
ed in Fig. 4. After correcting the data at lower temperature 
to account for the onset of the transition from intrinsic to 
extrinsic behavior, the results for this specimen could be very 
accurately fitted by Eq. (24) with A = - 4.2187 and 
B = 2910.0. The corresponding values of the intrinsic resis­
tivity are shown as the second row in Table V. 

The only known data extending these measurements to 
lower temperatures are those of Hoffmann et al.44 The speci­
mens used in this work were subject to up to 71 zone passes 
giving room-temperature resistivities as high as 150 kfl cm. 
The intrinsic region of operation correspondingly extended 
to temperatures as low as 40 "C. The intrinsic resistivity was 
measured up to l00·C using a water bath for temperature 
control. The small temperature range of these measurements 
and the scatter observed in the experimental data (possibly 
due to the increased sensitivity to inaccuracies in tempera­
ture measurement) combine to limit the utility of these data 
(third row of Table V). However, as seen in Fig. 4, these data 
provide a consistent extension of the higher-temperature 
data of Burton and Madjid,46 Fulkerson et al.,41 and Putley 
and MitchelfJ8 to lower temperatures. 

The uncertainty estimates of Table V are based on the 
assessed measurement accuracy at temperatures where ex­
trapolation of Eq. (24) outside the measurement region is 
not required. When extrapolation is required, there is in­
creased uncertainty for two reasons. One reason is purely 
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FIG. 4. The resistivity (If silicon as measured by several groups as a fUllction 
of inverse temperature for temperatures between the melting point of silicon 
and room temperature. The transition from the intrinsic region (approxi­
mately linear curve) to the extrinsic region is shown for three of the data 
sets. Region A shows data from Ref. 46, B from Ref. 41, C from Ref. 38, and 
D from Ref. 44. 
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statistical in that uncertainties in the slope of A will lead to 
increasing uncertainties in estimatingp; as lITmoves away 
from the central region of the measurement range.47 The 
second is that there is no guarantee, even with a perfect fit to 
the data over the measurement range, that the fitted curve 
would hold outside this rangeY Both types of uncertainties 
are included in the uncertainty estimates of Table V. To ac­
commodate the latter uncertainty, an additional uncertainty 
of 10 OO(}6.( liT) % in the value OflOg(Pi) was included in 
all extrapolated data . .6.( liT) is the difference between the 
reciprocal temperature at the extrapolated point and at the 
central region of the measurement range. This uncertainty 
estimate was based on considering the balance between the 
temperature dependency of the terms in Eqs. (1) and (18) 
required for Eq. (24) to accurately describe the observed 
resistivity dependence. 

The best estimates of the intrinsic resistivity at each tem­
perature were then found by finding an optimally weighted 
average of the values given in Table V from the three data 
sets. At temperatures above 400 K, the one-standard-devi­
ation uncertainty in the value so extracted is only a few per­
cent. However, this uncertainty increases rapidly at lower 
temperature towards a value of 10%. This is due to the in­
creasing uncertainty in the data of Fulkerson et aI.41 due to 
the additional extrapolation penalty previously described. In 
the case of the data of Pudey and Mitchell,38 the relatively 
sman measurement range also contributes a significant sta­
tistical component to the extrapolated uncertainty. In the 
case ofthe data of Hoffmann et al., 44 the scatter in the experi­
mental data itself is the most significant source of uncertain­
ty. Additional low-temperature data using high resistivity 
silicon would help reduce the overall uncertainty at such 
temperatures. 

Note that there is some experimental support for a de­
crease in the slope coefficient B as the temperature decreases 
with a correlated decrease in the magnitude of coefficient A 
(the ratio - B / A gives the temperature where the intrinsic 
resistivity, or its extrapolated value, would equall n em). 

2. Mobility 

There have been several studies of the electron and hole 
mobilities in pure silicon near 300 K. 17.39,42,48-55 These place 
the electron mobility in the range 1350-1500 cm2 V-I S-I 

and the hole mobility in the range 450-510 cm2 V-I S-I at 
300 K. In the most comprehensive recent study conducted 
by the National Bureau of Standards in Washington, DC, 
values of 1415 and 471 cm2 v_oj s-I, respectively, are deter­
mined for lightly doped specimens with an estimated total 
error of 5% and 3%, respectively. 54 

For the electron mobility, the sources of the lowest-ly­
ing values are Refs. 39 and 50. In the case of Ref. 50, there is a 
very large scatter in the reported data which would result in 
very little weight being given to these measurements. In the 
case of Ref. 39, the experimental results divide into two 
groups with different low-temperature behavior at tempera­
tures below 200 K. This suggests either significant compen­
sation or the presence of substantial concentrations of neu­
tral impurities for the group with lower mobility at low 
temperature. Neglecting the results for these specimens on 
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this account gives an average mobility for the remaining data 
of 1417 cm2 V~ I S-I (range 1400-1430 cm2 V-I s· l), in 
excellent agreement with the results of Thurber et al. ~4 The 
source of the highest-lyi.ng electron mobility value is Ref. 48 
based on extrapolating values measured on relatively highly 
doped specimens. Subsequently, Zerbst and Heywang49 ex­
tended these measurements to include more lightly doped 
specimens. This produced good agreement in overlapping 
substrate resistivity ranges but gave a more accurate ex­
trapolated value in the 1400-1450 cmz V·· I S - 1 range, again 
in good agreement with the results of Thurber et al. 54 

Hence, no strong case could be found for electron mobil­
ity values substantially different from those of Thurber et 
al.54 The results ofZerbst and Heywang,49 however, do pro­
vide some support for a slight increase in mobility for lower 
doping levels than the value of 2.7 X 1013 cm\ which was 
the lowest doping level used by Thurber et ai.54 Hence, a 
slightly increased value of 1430 ( 46) cm2 V- I S - I was as­
signed to the 300-K electron mobility in this work. The one­
standard-deviation uncertainty in this mobility shown in 
parentheses was estimated using a technique employed in 
estimating uncertainties ill the recommended values of the 
physical constants. 5 A semirange a of 80 cm 2 ViS - I was 
assigned to the maximum likely error in the mobility value 
due primarily to "type-B" errors <those not amenable to 
evaluation by statistical techniques). The equivalent vari­
ance was then taken to be a2/3. 

For the hole mobility, the sources of the more extreme 
values are again Refs. 39 and 50. Similar arguments apply in 
this case. The combined results of Refs. 50 and 49 extrapo­
late to a value in the 470-500 cm2 V-I s ·1 range. The data 
of Ludwig and Watters39 divide into three groups based on 
temperature dependence. The group with the highest mobil­
ity at low temperatures (100 K) give a mobility of 4.75 
cm2 V- I S - I at 300 K, again in excellent agreement with the 
results of Thurber et al.54 For similar reasons, as for the case 
of the electron mobility, a slightly higher hole mobility of 
480 ( 17) cm 2 V - J S - I is used in this work (semirange a of 30 
cm2 V-I SI). 

To calculate the experimental intrinsic conductivity us­
ing Eq. (18), the sum of electron and hole mobilities is re­
quired. A value of 1910( 49) cm2 V I § - 1 is deduced assum­
ing independence of the electron and hole mobility 
uncertainties. 

Although there is a reasonable amount of data available 
for carrier mobilities below 300 K, there are surprisingly 
limited primary data for temperatures above 300 K. The 
most useful way of characterizing these data is by fitting to a 
power law as in Eqs. (19) and (20) over the temperature 
range of interest. The results so derived for the power terms, 
a" and a p ' are given in Table VI, 

These results are listed with those rated most reliable 
listed first. A high rating is given to the drift mobility results 
of Ludwig and Watters39 for their highest low-temperature 
mobility specimens on several accounts. They give good 
agreement with the 300-K mobility values deduced by 
Thurber et al. 54 The results also involve measurements on 
several samples over a wide temperature range. A somewhat 
lower rating is given to the coefficients deduced by these 
authors from conductivity measurements since an assump­
tion is involved about the constancy of the majority-carrier 
concentration with temperature. In the case of drift mea­
surements, minority-carrier mobilities are measured while 
conductivity measurements give majority carrier mobilities. 
However, no differences on this account are expected for the 
lightly doped specimens involved. 

The next highest weight is given to values of an deduced 
from the normalized room-temperature coefficients of resis­
tivity measured by Bullis etal. 56 From Egs. (19) and (20), it 
is simply shown that multiplying this resistivity coefficient 
by the temperature at which it is measured gives the required 
mobility coefficient at this temperature, assuming tempera­
ture independence of majority-carrier concentrations. Good 
consistency is obtained in these data56 as substrate doping 
varies with small experimental uncertainties in the values 
deduced. A somewhat lower rating is given to the values of 
ap so deduced, mainly due to scatter seen in the data for the 
lowest doped specimens. Both an and a p are in close agree-

TABLE VI. Temperature aependence of electron and hole mobilities !In and Itp in silicon. Shmvn are the values of the power terms, a" and a p' in the 
expression m = f.1.o( T/Tol a for different temperature ranges as deduced from previous experimental and theoretical work. 

TCl'hnique 200-300K 

Experiment 
Drift (Ref. 39) 2.5 
Conductivity (Ref. 39) 25 
T Coefficient (Ref. 56) 2.44(5)" 
Conductivity (Ref. 57) 2.3 
Conductivity (Ref. 37) 
Drift (Ref. 49) 2.3 
Time of Flight (Ref. 51) 
Compilation (Ref. 42) 2.42 

Theoretical 
Model III (Ref. 17) 2.4 
Deformation potential (Ref. 55) 

Assigned value 2.5(2) 

a At 296 K only. 
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an 

300-400K 400-~500 K 

2.5 
2.5 
2.44(5)" 
2.3 
2.6 
2.3 

2.3 2.0 

2.5(2) 2.4(4) 

200-300K 

2.7 
2.7 
2.5~2.8a 

2.3~2A 

2.3 
2.3 
2.6 
2.20 

2.5 

2.5(3) 

300-400K 

2.7 
2.7 
2.5~2.8a 

2.3-2.4 
2.3 
2.3 

2.3 

2.5(3) 

400-500K 

2.1 

2.4(3) 
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TABLE VII. Experimental electron and hole mobilities of pure silicon (Il" and jt p ) and their sum as a function of temperature. The values shown are derived 
from the 300-K value of mobility and the temperature power coefficients given in Table VI. The digits in parentheses are the calculated one-standard­
deviation uncertainty in the last digits of the given mobility, based on the corresponding uncertainty estimates for the 300-K mobility and those for the 
coefficients (Table VI). 

Mobility 200K 300K 

,u,,(em'V-' s ' ) 3941(379} 1430(46) 
flp (em2 V- 1 s -I) 1323(178) 480( 17) 

f t " + f/p 5263(419) 1910(49) 

ment with the values of Ludwig and Watters39 previously 
discussed. 

A high weight is also given to the a o values deduced by 
Evans57 from conductivity measuremeI~ts upon six high re­
sistivity p-type specimens. These gave somewhat lower val­
ues of ap consistently in the 2.3-2.4 range. A lower weight is 
given to the corresponding value of an due to the experimen­
tal difficulties experienced with lHype samples. 57 

The next highest weight is given to the hole mobility 
coefficients deduced from conductivity measurements by 
Morin and Maita.37 A somewhat lower weight is given to the 
electron mobility coefficient similarly deduced by these au­
thors due to the incompletely described corrections applied 
for ionized impurity scattering in this case. A lower rating is 
given to the drift results of Zerbst and Heywang49 due to the 
low room-temperature mobility of the samples used in their 
temperature studies. This will tend to give lower values of 
these coefficients than higher mobility samples. The time-of­
flight measurements of Ottaviani et al.51 are given a lower 
rating due to the scatter in the corresponding coefficient seen 
at lower temperatures in values deduced by this technique. 
Finally, the values deduced by lacoboni et al.42 are given a 
low rating due to their dependence on Han effect data and 
the associated uncertainties in Hall factor as a function of 
temperature. 

The theoretical results shown indicate a trend to lower 
values of the coefficients as temperature increases. Some 
weight has been given to these predictions in assigning values 
to the coefficients over the 400-500 range, where there are 
virtuaHy no experimental data, Note, however, that some 
doubt is cast on the theory by its inability, in the case of 
Norton et al.,17 to describe the measured Han factor vari­
ation above room temperature. In the case of the hole mobil~ 
ity, Szmulowicz55 mentions the possibility that this reduc­
tion in the coefficient at high temperature may result from 

350K 400K SOOK 

973(44) 697(47) 40H(39) 
326(19) 234(23) 137(23) 

1299(48) 930(52) 545(43) 

inadequacies of the 6 X 6 k·p Hamiltonian used in the calcu­
lations. 

Using the room-temperature mobility values previously 
discussed and the assigned values of these temperature coef­
ficients gives the best experimentally based estimates of the 
electron and hole mobilities of pure silicon as a function of 
temperature as shown in Table VII. 

3. Experimental intrinsic concentration 

Using Eq. (18), the experimental value of the intrinsic 
concentration can be derived from the experimental intrinsic 
resistivity values of Table V and the mobility values of Table 
VII. The resulting experimental values are included in Table 
VIII. 

As can be deduced from the uncertainties shown, best 
experimental accuracy is obtained in the 350-400 K range. 
Uncertainties in the intrinsic resistivity at lower tempera­
tures and in the carrier mobilities at higher temperatures 
result in poorer accuracy outside this range. 

IV. COMPARISON BETWEEN CALCULATED AND 
EXPERIMENTAL RESULTS 

Shown in Table VIn are the experimental values of the 
intrinsic carrier concentration of the previous section to­
gether with the calculated values of Sec. n over the tempera­
ture range of interest. Also shown are the values deduced 
from the three equations for ni described in the text. 

The calculated values have also been assigned a one­
standard-deviation uncertainty based on the uncertainties in 
effective masses and band gap estimated in Table IX. The 
largest uncertainty is associated with the valence-band effec­
tive mass due to the variation in its calculated value depend­
ing on the interpretation onow-temperature cyclotron reso­
nance data and the calculational procedure employed (see 

TABLE VIII. Comparison between experimentally determined and calculated values of the intrinsic carrier concentration in silicon as a function of tempera­
ture. Also shown are the values given by three equations suggested in earlier work. The digits in parentheses are estimates of the one-standard-deviation 
uncertainty in the last digits of the corresponding concentrations, 

T Units 
(K) (em ') Experiment Calculated Eq. (23) Eq. (22) Eq. (21) 

200 10' 5.03(59) 5.24 5.60 6.24 
300 10'0 1.09(9) 1.07(12) 1.02 1.19 1.38 
350 10" 3.70(22) 3.92{ 46) 3.63 4.2l 4.92 
400 1O'~ 5.85(37) 6.00(72) 5.52 6.27 7.40 
500 10'4 2.86(24) 2.89(35) 2.71 2.90 3.46 
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TABLE IX. Assigned uncertainties for estimates of calculated silicon intrinsic concentration accuracy. 

Parameter 200K 300K 350K 400K SOOK 

Effective masses: m* I 1% 2% 2.5% 3% 5% 
lnjC lqf, 2% 2.5% 3% 5o/r) 

mjp 15% 15<1<; 15% 15% 15% 
Band gap: Eg 1 meV 1.5 meV 2meV 2.5 IUCV 3meV 

Fig. 2 and associated discussion). Uncertainty in the value of 
the band gap is a smaner contributor. Below 200 K, this 
contribution would become more severe. 

Good agreement is observed between the experimental 
and calculated intrinsic concentrations over the temperature 
range where a comparison is meaningfuL Since these two 
values are deduced from completely independent argu­
ments, there is sufficient information available to provide 
new estimates of anyone of the material parameters appear­
ing in Eq. ( 1) [or its subsidiary equations (2) and (3) ] or in 
Eq, (18). This can be achieved by equating Eqs, (1) and 
( 18) and treating the parameter of interest as unknown. 

Since the largest uncertainties arise in the hole density­
of-states effective mass value, m~v' this procedure produces 
the most useful information in this case. Figure 2 includes 
the values deduced for this parameter in this way. These 
results are in best agreement with the calculations of Madar­
asz et al. 24 although those of H umphreys20 using the Hensel 
valence-band parameters are also in reasonable agreement. 
The calculated results of Barber6 lie approximately two stan­
dard deviations below the experimentally determined val­
ues. 

Figure 3 shows the corresponding experimentally deter­
mined effective density of states in the valence band, in good 
agreement with those previously calculated. Note that the 
value of this parameter of 3.1 (5) X 1019 cm -3 at 300 K, de­
duced from the two independent experimental measure­
ments at this temperature, is wen in excess of a commonly 
cited value of 1.04 X 1019 em' (Refs. 1,3, and4) and higher 
than the value of 1.85 X 1019 cm 3 deduced from the work of 
Barber, 6 This significantly higher value will impact most cal­
culations of energy with respect to the valence-band edge in 
silicon. Errors of up to 30 me V could arise in such cases, near 
room temperature, by using less appropriate values. U.4,o 

Also shown in Table VIII are the values ofthe intrinsic 
concentration at the temperatures shown calculated from 
the expressions derived from earlier studies l Eqs. (21)­
(23) 1, Note that the results deduced by Wasserab [Eq. 
(23)] lie within one standard deviation of both the present 
experimental and calculated values. Those of Putley and 
Mitchell [Eq. (22)] are further removed from the present 
experimental values but lie within one standard deviation of 
the present calculated values. However, those of Morin and 
Maita [Eq, (21) ] lie well beyond one standard deviation of 
the present calculated values and are even further removed 
from the present experimental values. 

By forming a weighted average of the present indepen-
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dent experimental and theoretical estimates, a value of the 
intrinsic carrier concentration of 1.08(8) X 10 10 cm- 3 at 300 
K is deduced. The commonly used value at present of 
1.45 X 1010 cm' at 300 K (Refs. 1, 3, and 4) is many stan­
dard deviations removed from this value and is higher than 
that given by any previous study apart from that ofHerlet.45 

The latter was previously discounted (Sec. III A) due to the 
additional uncertainties involved in the corresponding mea~ 
surement appro3.ch. 

The origin of the value of 1.45 X 10 lO em - 3 at 300 K is 
uncertain. One possibility is that it arises from rounding of 
the value of the exponent in the expression of Morin and 
Maita,37 Wasserrab4

() shows that this explains the value of 
1.5 X 10 10 cm - J calculated by Conwell. 5H Evaluating the lat­
ter expression using a value of kT of 25.9 meV rather than 
the value of25.85216(22) meV derived from presently rec­
ommended values of the physical constants5 gives 
n i = 1.44 X 10 I () cm J. Another possible origin of this figure 
might be as the arithmetic mean of the value of 1.5 X 10 10 

cm- 3 calculated by Conwel1S8 and the value of 1.4 X 10 lO 

cm j which results from the correct evaluation of the 
expression given by Morin and Maita. J7 

Regardless of the origin of the figure of 1.45 X 10 LO 

cm- 3
, it is not supported by either the best available experi­

mental data or by theory. Since current flows in bipolar sem­
iconductor devices generally depend on nT, use of this value 
will overestimate current flows at a fixed voltage in such 
devices by a factor approaching 2. Conversely, the applied 
voltage required to pass a given current will be underestimat­
ed by about 15 mV near room temperature. 

v. CONCLUSION 

The source of an inconsistency between commonly used 
values ofthe silicon intrinsic concentration, the conduction­
and valence-band effective densities of states, and the band 
gap has been investigated. 

By incorporating recent data for the hole "densities-of­
states" effective mass and by critically reevaluating earlier 
intrinsic carrier concentration measurements, this discrep­
ancy is eliminated. One significant result of this re-assess­
ment is that the commonly used value of 1.45 X 1010 cm- 3 

for the silicon intrinsic concentration at 300 K (Refs, 1, 3, 
and 4) is not supported by the best available experimental 
data nor by theory, A preferred value deduced in the present 
work is 1.08(8) X 1010 cm 3 where the digit in parentheses 
represents the estimated one-standard-deviation uncertainty 
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in the last digit of the previous value. This difference is par­
ticularly significant in silicon device analysis where an over­
estimate of current flows at a given applied voltage by a fac­
tor approaching 2 could be calculated using the larger value. 

A second significant result is the determination of ex­
perimentally based values of the hole "densities-of-states" 
effective mass in silicon at temperatures in the 300-500 K 
range by two independent techniques. These experimental 
results are in good agreement with the theoretical calcula­
tions of Humphreys20 and Madarasz et al. 24 At 300 K, an 
experimental valence-band effective densities of states of 
3.1 (5) X 1019 cm- 3 is determined from these effective mass 
values. This is appreciably higher than the commonly cited 
values of 1.04 X 1019 cm- 3 (Refs. 1,3, and 4) and 1.85 X 1019 

cm- 3 (Ref. 6). This significantly higher revised value, for 
which there is also theoretical support,20,24 will impact cal­
culations of energies with respect to the valence-band edge in 
silicon. Differences of up to 30 meV may arise near room 
temperature. 
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