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Abstract:
A new classification for semiconductor heterojunctions has been formulated by considering the
different mutual positions of conduction-band and valence-band edges.

To the nine different classes of semiconductor heterojunction thus obtained, effects of different work
functions, different effective masses of carriers and types of semiconductors are incorporated in the
classification. General expressions for the built-in voltages in thermal equilibrium have been obtained
considering only nondegenerate semiconductors. Built-in voltage at the heterojunction is analyzed. The
approximate distribution of carriers near the boundary plane of an abrupt n-p heterojunction in
equilibrium is plotted. In the case of a p-n heterojunction, considering diffusion of impurities from one
semiconductor to the other, a practical model is proposed and analyzed. The effect of temperature on
built-in voltage leads to the conclusion that built-in voltage in a heterojunction can change its sign, in
some cases twice, with the choice of an appropriate doping level. The total change of energy
discontinuities (&ΔEc + ΔEv) with increasing temperature has been studied, and it is found that this
change depends on an empirical constant and the 0°K Debye temperature of the two semiconductors.
The total change of energy discontinuity can increase or decrease with the temperature. Intrinsic
semiconductor-heterojunction devices are studied? band gaps of value less than 0.7 eV. are suggested if
such devices are to be used at room temperature. Built-in voltage in the case of intrinsic semiconductor
heterojunction devices varies slightly with the temperature. With -proper choice of effective masses,
the built-in voltage remains essentially constant with the temperature. The advantages of intrinsic
semiconductor devices are discussed. A three-dimensional energy-distance-momentum diagram is
described; it suggests a change in the wave vector of a carrier, in transit from one semiconductor to
other. Thus, the probability of transition of a carrier across the heterojunction is reduced. 
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ABSTRACT

A new classification for semiconductor heterojunc
tions has been formulated by considering the different 
mutual positions of conduction-band and valence-band edges.
To the nine different classes of semiconductor heterojunc
tion thus obtained, effects of different work functions, 
different effective masses of carriers and types of semi
conductors are incorporated in the classification. General 
expressions for the built-in voltages in thermal equilib
rium have been obtained considering only nondegenerate 
semiconductors. Built-in voltage at the heterojunction is 
analyzed. The approximate distribution of carriers near the 
boundary plane of an abrupt n-p heterojunction in equilib
rium is plotted. In the case of a p-m heterojunction, con
sidering diffusion of impurities from one semiconductor to 
the other, a. practical model is proposed and analyzed. The 
effect of temperature on built-in voltage leads to the 
conclusion that built-in voltage in a heterojunction can 
change its sign, in some cases twice, with the choice of an 
appropriate doping level. The total change of energy dis
continuities (AEc + AEv) with increasing temperature has 
been studied, and it is found that this change depends bn 
an empirical constant and the 0°K Debye temperature of the 
two semiconductors. The total change of energy discontin
uity can increase or decrease with the temperature. In
trinsic semiconductor-heterbjunction devices are studied? 
band gaps of value less than 0.7 eV. are suggested if such 
devices are to be used at room temperature. Built-in volt
age in the case of intrinsic semiconductor heterojunction 
devices varies slightly with the temperature. With - 
proper choice of effective masses, the built-in voltage 
remains essentially constant with the temperature. The 
advantages of intrinsic semiconductor devices are discussed. 
A three-dimensional energy-distance-momentum diagram is 
described; it suggests a change in the wave vector of 
a carrier, in transit from_ohe semiconductor to 
other. Thus, the probability of transition of a carrier 
across the heterojunction is reduced.



Chapter I 

INTRODUCTION

Historical Review
A semiconductor heterojunction is a junction between 

two dissimilar semiconductors where the crystal structure 
is continuous across the interface. Semiconductor hetero- 
junction- research, is an. important area of device study 
which has evolved from the research of the last decade.
The barriers introduced into the energy-band diagram by 
the energy-gap difference of two semiconductors allows a 
new degree of freedom to the device designer. For example,, 
in GaAs injection lasers [1], the addition of Al^Ga^_^As 
confinement barriers has resulted in a major reduction in 
3000K threshold current densities. Electrooptical effects 
in heterojunctions that are promising include infrared to 
visible upconversion systems [2], the window effect [3],. 
solar cells [4] and photo transistors [5], High yield 
photo cathodes [6], cold cathodes [7] and electron multi
pliers [8] of the, negative-electron affinity type represent 
yet other families of devices where heterojunctions are
involved. '

-
The heterojunction structure was first considered 

by Preston [9]. Gubanov. [10] produced an analysis of



2
heterojunctions with n-n, p-p and p-n combinations. Shockley 
[11] proposed a circuit device incorporating a change 
in the magnitude of the forbidden gap in the transition ■ 
region of p-n junction. Kroemer [12] proposed the use of 
a heterojunction as a wide-gap emitter to increase the 
injection efficiency of transistors. The Anderson theory 
[3] is discussed in the following section and a brief 
summary of other theories is discussed on page 7.

Anderson's Theory. The energy-band model of an
ideal abrupt heterojunction without interface states was
proposed by Anderson based on the previous work of
Shockley. This model is important as it can adequately
explain most of the transport processes, and only a slight
modification [13] of the model is needed to account for
non-ideal cases such as interface states. Consider the
energy-band profile of the two isolated semiconductors as
shown in Figure I. The two semiconductors are assumed to
have different band gaps (E ,E ), different dielectric9 1 92
constants (EirE2) r different work function (<#> ,4 ), andIu I Iu 2
different electron affinities (Xie'X e)• The work function
is defined as the energy required to remove an electron
from the Fermi level (Ep) to a position just outside of
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ELECTRON
ENERGY Vacuum Level

+- %

Figure I. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to
exist in every region.



4
the material. The bottom of the conduction-band is repre
sented by Ec and the top of the valence-band is represented 
by Ev . The subscripts I and 2 refer to the narrow-gap and 
wide-gap semiconductors, respectively. Electron affinity 
is defined as the energy required to remove an electron 
from the bottom of conduction-band to a position just out
side of the material. It is assumed that space charge 
neutrality exists in every region and thus band edges 
(E ,E ,E ,Ett ) are shown to be horizontal. The differ-C i C 2 V  i V 2
ence in energy of the conduction-band edges in the two 
materials is represented by AEc and that in the valence- 
band edges is AEv..

A junction formed between an n-type narrow-gap 
semiconductor and a p-type wide-gap semiconductor is con
sidered. The energy-band profile of such a junction at 
equilibrium is shown in Figure 2.

The electrostatic potential difference between any 
two points can be represented by the vertical displacement 
of the band edges between these two points in a semicon
ductor. An electrostatic field can be represented by the 
slope of the edges on a band diagram. The total built-in 
voltage (VBHT) is equal to the sum of the partial built-in
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Vacuum Level

ELECTRON
ENERGY

Figure 2. Energy-band diagram of n-p heterojunction in 
thermal equilibrium.
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voltages (Vri + Vri ) , where Vri. and Vr. are the electro- 
static potentials supported at equilibrium by semiconduc
tors I and 2, respectively. Since the Fermi level must 
coincide on. both sides in equilibrium and the vacuum level 
is everywhere parallel to the band edges and is continuous, 
the discontinuity in the conduction band edges (AEc) and 
valence-band edges (AEv ) is invariant with doping in those 
cases where.Eg and x are not functions of doping (i.e., 
nondegenerate semiconductors). A degenerate semiconductor 
is one in which Fermi level lies in the conduction or in 
the valence-band. It is assumed that the electron density 
is zero for X>Xi, and the hole density is zero for X<Xz. 
Then at any point in the transition region, the space 
charge density is merely equal to the donor or acceptor 
density.

Pi = q Nd  ̂ Xi<X<_ X 0
p 2 — q XoIX<_ X 2 .

where Nri is the donor concentration in semiconductor I N I
and N^ is the acceptor concentration in semiconductor 2. 
The solution of Poisson's equation in the one dimensional 
case with appropriate doping levels gives the solution for 
an abrupt junction as follows [3]:



I

Transition region width W = (X2-Xo) + (Xo-Xi)

2 C ^ ( V b h t-V) (Ka ^Mdi
. q(e‘ND, + S:2W A 2

,1/2

The transition capacitance is given by a generalization of 
the result for homo junctions..-

C = f q n D 1hA 2 6162l 2 ( e,NDi+E2NA2)
1/2

Figure 2 shows that the potential barrier for electrons is 
considerably greater than that for holes, and so hole cur
rent will predominate. The application of Shockley's 
homojunction diffusion theory, along with a diode emission 
model is sufficient to predict the saturation current and 
current-voltage characteristics of the heterojunction.

Summary of other theories. Most of the other the
ories have modified the ideal model of semiconductor 
heterojunctions as proposed by Anderson. Perlman and 
Feucht [13,14] used a. classical kinetic-emission model to 
predict the current-voltage characteristic of an abrupt 
p-n heterojunction. This took into account the effect of 
changes in electron affinity, electron effective masses,. 
dielectric constant and band gap at the junction. . The p-n,
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heterojunction was found to have two operating modes; one 
similar to a homojunction, where minority-carriers build 
up at the depletion region edge limiting current, and 
another similar to a metal-semiconductor junction, where 
the current is limited by a potential barrier in the n- 
type semiconductor. On increasing the forward bias, the 
homojunction mode of operation changes to the metal- 
semiconductor mode.

Oldham and Milnes [15] studied the effect of inter
face states. For a lattice mismatch of the order of 2 to 
4%, the dislocations were assumed to lie in a sheet and 
to be similar to grain boundaries. They concluded that 
the interface resembles a low-density,free surface with 
edge dislocations producing deep states in the gap. . Due 
to the presence of interface states, the ideal model of 
Anderson gets distorted.

Van Ruyen, Papenhuijzen and Verhoeven [16] .con
sidered two semiconductors, each with a free surface. They 
considered a heterojunction with a significant number of 
interface states. Interface states were thought to play 
a decisive role since they can store sufficient charge to 
make the surfaces behave like a thin metal layer. Contact
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between the two different surfaces leads to the. formation 
of a dipole layer.

Prospects of Development and .
Technological Application

Let us consider the way in which p-n homojunctions 
were developed [17]. The first incomplete theory of their 
behaviour was given by Davydoy in 1938 and a full design 
theory incorporating the ideas of injection was published 
by Shockley in 1949. Early experimental germanium p-n . 
junctions were described in 1950 and, as they were in the 
form of grown junctions, they were of high quality but 
suffered from a high cost of manufacture. The alloy- 
junction provided a cheap and usable junction but did not 
give high performance or good reliability. The diffusion 
process introduced about 1956 led to higher quality de
vices with better performance, but it was really the dis
covery in 1959 of the planar process and subsequent work 
on epitaxial growth which made possible the production of 
high quality transistors and diodes and paved the way for 
the integrated circuits. Excellent development and re
search work has been carried out on other materials but no 
really significant production of p-rn junction devices has
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been realized in materials other than silicon, with the 
possible exceptions of germanium alloy devices and gallium 
arsenide (phosphide) diodes. Silicon devices have been de
veloped over a period of about 25 years and have now 
reached a state where integrated circuits of high com
plexity and high reliability can be manufactured in 
quantity.

The problems with heterojunctions are more, diffi
cult to solve both from theoretical and practical points of 
view. The basic theoretical ideas were published by 
Anderson approximately 10 years ago and since that time a 
considerable amount of work has been carried out. The out
look for production of heterojunctions for normal elec
tronic devices seems uncertain. To compete with normal 
silicon devices which have been manufactured rather than 
produced by research workers in a laboratory, the hetero
junction devices would need to be more reliable, or to 
have improved characteristics, or to be cheaper. It seems 
unlikely at present for heterojunctions to compete with 
homojunction devices for normal use. However, looking at 
special applications, there is a hope for technological 
applications. The main area for development seems to be
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in the region of applying optical properties, particularly 
for detectors, electroluminescent lamps and lasers. Single

. I
heterojunctions lasers [18] are manufactured at present , 
though still in the process of development. ■ ,

The device potential of the heterojunction is 
greatly reduced when significant numbers of interface 
states are present at the junction. Therefore, the de
velopment of semiconductor pairs with a very small mis
match of lattice constant is in progress, so as to mini
mize the number of interface states. One such developed 
pair is GaAs - Al^Ga^^As: it finds application in hetero
junction lasers.

Contents of the Thesis and Assumptions
Heterojunctions are classified as graded and abrupt, 

depending on whether the junction is graded or abrupt. An
other classification involves the predominant impurity 
type on either side of the junction, n-n or p-p junctions 
are called isotype heterojunctions and n-p or p-n junctions 
are called anisotype heterojunctions. A new classification 
is presented, considering different mutual positions of 
conduction and valence-band edges. Nine different classes 
of a semiconductor heterojunction are obtained. Each such
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class has. some unique properties, which are discussed, con
sidering the effect of different work functions. Different 
effectives masses of carriers and different types of semi
conductors (direct or indirect, gap) are incorporated in 
the classification. These parameters provide information 
regarding the structure of conduction and valence-bands, 
and the mobility arid lifetime of carriers in the two semi
conductors . A large number of unique semiconductor hetero- 
junctions are thus possible; some of them exist at present, 
others may develop in the future.

A general theory that describes the formation of the 
electric field at the junction is presented. A general 
expression for built-in voltage is formulated in three . 
different forms considering nondegenerate semiconductors. 
The built-in voltage is split into two components. It 
turns out that one component is similar to that of a homo
junction and can be controlled by the.doping level while 
the other component arises as a result of energy discon
tinuities and different effective masses, and is fixed 
once the two semiconductors are chosen. Approximate dis
tribution of the carriers near the boundary plane of an 
arbitrary abrupt np heterojunction in equilibrium is
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plotted. A practical model of a p-n heterojunction is 
proposed and analyzed. In reality, due to diffusion of 
impurities from one semiconductor to the other, a p-n. semi 
conductor heterojunction consists of an isotype hetero
junction and a p-n homoj unction.

A theory describing the temperature dependence of
carrier concentration and the evaluation.of Fermi level at
different temperature ranges is discussed. Two different
cases are considered with AE >AE , and it shows that thev c
built-in voltage in case of a heterojunction may change 
sign under certain conditions of doping level and that it 
may change twice with another preferred doping profile in 
the two semiconductors. The total change of energy dis
continuities (AEc + AEv ) with increasing temperature has 
been studied, and it is shown that this change depends on 
an empirical constant and on the Debye temperature of the 
two semiconductors. The total change of energy discontin
uities has been computed for GaP - Si, Ge - GaAs and 
Ge - Si heterojunctions pairs. In the case of GaP-Si and 
Ge-GaAs heterojunctions, the total energy discontinuity 
decreases with temperature, while in the case of the Ge-Si 
heterojunction, the total change^of energy discontinuities 
with temperature between 0°K to 800°K.



Intrinsic semiconductor heterojunctions are possible 
and are studied on the basis of intrinsic conductivity. 
Intrinsic .conductivity of a semiconductor is found to be 
an important cohsideration. For moderate conductivity, the 
energy-band gap of a semiconductor should be small if the 
device is to be used at room temperature ̂ A band gap of a 
value less than 0.7 eV. is suggested. The built-in volt
age changes only slightly with the temperature, in the case, 
of an intrinsic semiconductor heterojunction. It is con
cluded that., if the choice of effective masses is as 
follows:

14

I,

then the built-in voltage remains essentially constant 
with the temperature. It is suggested that a narrow-gap 
intrinsic semiconductor and a broad-gap extrinsic semicon
ductor. can also be used.

Appendix A considers a three-dimensional energy- 
distance-momentum diagram. Since, in general, the 
conduction-bands and valence-bands of two semiconductors . 
are not alike, it is concluded that the wave vector of a
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carrier should change while the carrier is crossing the 
heterojunction.



Chapter 2

CLASSIFICATION OF SEMICONDUCTOR 
HETEROJUNCTIONS

Introduction
Semiconductor heterojunctions can be classified in 

several ways [19]. If the material changes abruptly on 
an atomic scale from one material to another, the junction 
is referred to as "abrupt". If there is an appreciable 
intermixing of the components, the heterojunction is re
ferred to as "graded".

Another classification involves the. predominant 
type of impurity on either side of the junction. In the 
case of similar doping on either side of a junction, the 
junction is called an isotype heterojunction (n-n or p-p). 
An anisotype heterojunction is one with different types 
of doping on either side of the junction. These include 
n-p or p-n heterojunctions.

The properties of a semiconductor heterojunction 
depend on the various parameters of the two semiconductors 
The two fundamental parameters are electron affinities and 
energy gaps. A possible system of classification can be 
chosen using the above parameters which acquire unique 
positions in the energy-versus-distance diagram. On each
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of such diagrams, other parameters of interest can be in
corporated, such as work function, type of semiconductors 
(direct or indirect) and the effective masses of carriers. 
External influences (such as light or applied voltage), 
which can modify the properties of junction, are not con
sidered in this classification.

Classification
Consider an energy-band diagram of two isolated

semiconductors with energy gaps of E and E shown in- 9i 92
Figure I. The two electron affinities are y a n d 'y , 
according to the usual practice of specifying the first 
semiconductor as harrow-gap and the second semiconductor 
as broad-gap. Only nondegenerate semiconductors are under 
consideration. The energy discontinuities in the conduc
tion and valence-bands are represented by AEc and AE^.
AEc is defined as positive when Xie5lX e / negative when
Xie<X26, and zero when %l6 X • Similarly, AE^ is de
fined as positive when X 2̂ >X l̂ f negative if X2^ X ih and 
zero when xL2h X J1- Ihe above idea is introduced in
order to satisfy the relation E -E92 9 1

AEc+AEv , irres
pective of the mutual position of the bands. Different
values of electron affinities, band gaps and work function
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give new shapes to the. energy-band diagram, resulting in 
new properties being shown. Therefore, considering all 
possible different mutual positions of the bands by attrib
uting different values of electron and hole affinity, the 
following different cases are obtained.

Figure 3 represents the case of X2h>X lh>X ie>X2e 
and shows that AEc and AEv both are positive. The magni
tude of AEc and AEv are not considered important for the 
classification proposed. This is the most common case 
where heterojunctions have been studied, as for example, 
Ge-GaAs, AlSb-GaSb, and Ge-Si.

Figure 4 represents the case where AEv is zero and 
AEc is positive; i.e., X lh=X2h/X2h>X ie>X2e- The GaAs -■ 
AlxGa^_xAs heterojunction is an example of this class.

Figure 5 represents the case where AEv is negative, 
AEq is positive and possibly can be greater than. Eg ,̂ but 
less than Eg ;̂ i.e., Xlh>X2h>X ie>X2e- The CdSe-Se and 
InP-GaAs heterojunctions are examples of this class.

Figure 6 represents two isolated semiconductors
Mlth X 1I^X2IT X2h - Xl6-X1̂ X 2e- i.e., AE0 = E ^  and 
-AEv = E . No such pair exists at present.

Figure 7 represents the case where the mutual ■
position of bands are such as to give -AE >E andv 9 1
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Vacuum Level

Figure 3. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to 
exist in every region with x h>X h>X >X

Vacuum Level

ELECTRON
ENERGY

X

Figure 4. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to
exist in every region with x x,h! x2h>x1e>xae'
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Figure 5. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to 
exist in every region with x h>X h>X e>X e •

ELECTRON
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Figure 6. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to
exist in every region with x h>X e? X _ = X.u? X_^>XXzh; l2h
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ELECTRON
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Figure 7. Energy-band diagram with two isolated semicon 
ductors in which space charge neutrality is assumed to 
exist in every region with x e>X

ELECTRON
ENERGY

E

E

Vacuum Level

EC 2

EV 2

Figure 8. Energy-band diagram with two isolated semicon
ductors in which space charge neutrality is assumed to
exist in every region with W x,='
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^Ec>Eg2 * The GaAs-CsOa heterojunction pair is an example 
of tl}is kind. Similar to Figure 4, where there was no 
discontinuity .in the valence-band, Figure 8 represents 
the case where there is no discontinuity in the conduction 
band, X ^ X . ^ X ^ / '  X26 = X j6 thus making AE^ = 0 and AEy 
is positive. The GaSb-GaAs heterojunction is an example 
of this class.

■■ Figure 9 represents the case of X2^>X 1̂1>X2e>Xief 
resulting in a negative discontinuity in conduction-band 
with positive discontinuity in the valence-band as AEy<Eg 
ZnTe-Cds heterojunction is an example of this kind.

Figure 10 represents another unique case where 
Xzh>Xih!. X lh “ X2ei X2e>XlS thus making -AEc = Egi,
AEy = Eg2• No such pair exists at present.

Figure 11 represents pairs of semiconductors with
X >X ur making -AE >E„ and AE >E . No such pair exists . ze in c g i v g2
at present.

'
Thus, nine different cases in the energy^versus- 

distance diagram are obtained. Let us call each one a 
working space. In each working space, other, important 
constraints can be imposed, such as work function, effec
tive masses of carriers and type of semiconductors. ' Hence
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Figure 9. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to 
exist in every region with x h>X h>X ^>X e *

Vacuum Level
ELECTRON
ENERGY

Figure 10. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to
exist in every region with x h>X h = X e>X e*
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Figure 11. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to
to exist in every region with x g>X
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the following four possible constraints, each in three 
different forms, are possible and can be summarized as:

(I) > d> yHI2 or V 1 = d> y Itt2 or V 1 < <t>Itl2
(2) m*ie > m* 26 or m*I 6 = m* 26 or m*I 6 < m* 26
(3) > m ^h or m V = m ?h or m V < m V

(4) Direct gap semiconductor - Direct gap semicon
ductor, junction

or
Direct gap semiconductor - Indirect gap semi

conductor, junc
tion.

or
Indirect gap semiconductor - Indirect gap

semiconductor, 
junction.

Hence, considering exhaustively all possible combinations 
of the above parameters and nine working spaces, a total 
number of different semiconductor heterojunctions can be
9. x (3) 4 = 729. Most of the junctions classified do not 
exist at present; however, they may exist in future with 
the development of new semiconductor materials with new 
parameters. The classification presented here is very 
general and unique; it includes the intrinsic semiconduc
tor heterojunction also, and takes care of junctions yet 
to be discovered. On the following page a summary of the
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Semiconductor Heterojunction 

Classification Chart
I . Working Spaces

(b)

x Ih-3W W x ,e ^ e
(c)

■x .l,>x.h>x,«>x„

x ,e>x2h
(g)

x2h>x,h>x2e>x,e

(d)
x 2h > x lh, ------
X,h=X,e LX,e>X,e
(I)

k2h>X 1h>x2e!X2e=x,e x2e>x,h

II III IV V
Fermi Electron Hole Type of
Level Mass Mass Semiconductor
d) >d) mi ^m2 m* >m* Iie 2e m?h>m!h Direct gap - 

Direct gap
d) =6 vmi ym 2 m* =m* !■e 2e m?h=in2h Direct gap - 

Indirect gap
*m,'*m2 j m* <m* ie 2e ;inih<m2h Indirect gap-

TnrIi nrant
Figure 12. Semiconductor heterojunction classification 

chart.
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semiconductor heterojunction classification chart is pro
vided.

Importance of Classification
This section considers some of the general proper

ties of each working space as influenced by the position 
of the Fermi level in the two semiconductors.

(a) Consider the most common working space 
described by X2h>X lh>X ie>X2e, as shown in Figure 3.
It represents positive discontinuities in the conduction 
and valence-bands when isolated. On junction formation, 
however, the resultant barriers of electron and holes de
pend on the position of the Fermi level in each semicon
ductor. Three different cases are discussed.

If <j> =<b , then on junction formation, isolated
discontinuities appear as electron and hole barriers, No 
built-in voltage will be formed, as shown in Figure 12(a).

If lI5ltll̂ m2' then on junction formation, the hole 
barrier from semiconductor I is independent of AEq and 
will depend on the built-in potential supported by semi
conductor 2. The electron barrier, however, will increase 
to (Vt31jnV + AE ) as shown in Figure 13 (b) . In such a junc
tion the hole current will, dominate in a forward bias.
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I---------------sC1
EC  -------------1

EVi
EV 2
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ENERGY

(C) > <Pm 2

Figure 13. Energy-band diagram of two semiconductors 
thermal equilibrium that defines working space
x2h>xih>xie>x2e*

in a
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This fact is also supported by Anderson [3] in connection 
with Ge-GaAs heterojunction. Hence, in such a "structure, 
hole current will dominate electron current, where inter
face states do not play a significant role. If, however, 
interface states are present, the current may be governed 
by recombination and tunneling mechanisms via interface 
.states [20] . Kroemer [12] has suggested that this kind of 
structure is useful for producing a wide-gap emitter tran
sistor. Such a transistor will have a very high injection 
efficiency. A p-n-p wide-gap-emitter transistor will be 
obtained from such a structure. The injection efficiency 
of a p-n-p transistor is given by:

Y = J +Jn p
It can be noted from Figure 13(b) that electron current 
will be negligible due to the large electron barrier com
pared to the hole barrier. Therefore, high injection ef
ficiency can be achieved..

If tI3mi^ m2' then on junction formation, the electron 
barrier from semiconductor 2 to semiconductor I is indepen
dent of AEc and will depend on the built-in potential sup
ported by semiconductor 2. The hole barrier, however, will
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increase to Vb h t + AE^ as shown in Figure 13(c). When such
a junction is forward biased,. the electron current will< '
dominate over hole current. An n-p-n wide-gap-emitter 
transistor can be obtained form such a structure, that will 
provide a high injection efficiency of electrons. Anderson 
[3] has obtained a photocell action from such a structure. 

(b) Consider the next working.space described by
X-ih'^zh' X2h>Xie>x2e (figure 4). This configuration repre
sents a positive discontinuity in the conduction-band and 
no discontinuity in the valence-band when isolated. On 
junction formation, however, the resultant barriers for 
electron and holes are obtained depending on the position 
of the Fermi level in each semiconductor. Three different 
cases are discussed.

If <j> =cf> , then on junction formation an isolatedItll IU2
discontinuity appears in the conduction-band as an electron 
barrier. No built-in voltage will be formed as shown in 
Figure 14(a).

If <i> ■ <<j> , then the hole barrier is Vtltim, with theIu i Iu 2 Otil

valence-band being similar to that of the valence-band of 
a homojunction. The electron barrier, however, will in
crease to (AEc + Vbht) as shown in Figure 14(b). This 
structure has been used for the confinement of electrons
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ECl
E=:

EVi EV 2

(b) < <J>Iti2

EC, N k . EC 2

X
(C) 4> > <pmi Ym 2

Figure 14. Energy-band diagram of two semiconductors in
thermal equilibrium that defines the working space

' x ZtV x 2h >x ie>x2 e .
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in a GaAs-AlxGa^_xAs heterostructure laser [1]. A p-n-p 
wide-gap-emitter transistor can be obtained from such a 
structure.that will provide a high injection efficiency of 
holes.

If <|) >4/ , then on junction formation., the elec-in 1 m 2

tron barrier from semiconductor 2 to semiconductor I is 
.independent of AEc 'and will depend on the built-in poten
tial supported by semiconductor 2. The hole barrier is. 
equal to Vb h t as shown in Figure 14(c).

Such a structure does not suggest any improvement 
in injection efficiency over a homojunction transistor, 
due to the absence of a positive discontinuity in valence- 
band.

(c) Consider the next working space described by 
^ih>^2h>^ie>^2e as shown in Figure 5. It represents a 
positive discontinuity in the conduction-band and a nega
tive discontinuity in the valence-band, when the two semi
conductors are isolated. On junction formation, the re
sultant barrier of electrons and holes is obtained, 
depending on the position of the Fermi level in each semi
conductor. Three' different cases are shown in Figure 1.5 
arising from 4 = 4  # 4 <4> and <f> ><biii 1 A YYi 1 ITI M m i  1 Tm  m
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Figure 15. Energy-band diagram of two semiconductors in
thermal equilbrium that defines the working space

J
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It can be seen that for <f> <<b , the electron bar-m i m 2

rier increases to (AE^ + Vqht) and the hole barrier also
increases to (AE + Vn ) . For >6 , both electron andV  tin I m  1 m 2
hole barrier are independent of AEq and AE^.

The CdSe-Se heterojunction as studied by Moore et al 
[21] and Lang et al. [22] belongs to this working space. 
P-Se/h-CdSe shows excellent rectification properties and a 
70-volt reverse breakdown voltage.

(d) Consider the next working space described by

x ih>x2h ? X 2h=Xie? X ie>X2e as shown in Figure 6. It repre
sents positive discontinuity AE^ equal to E.̂  ̂ and a nega
tive discontinuity AEv equal to E^^. On junction forma
tion, the resultant barrier for electrons and holes is 
obtained depending on the position of the Fermi level.

It can be seen that d> <<b is possible only ifmi Bz
the narrow-gap semiconductor is a highly degenerate n-type
and the broad-gap semiconductor is a highly degenerate
p-type. The ^ltlj =tf>m2 case is also possible with degenerate
semiconductors only. For tf> >6 , however, a heterojunc-mi m 2
tion is possible with nondegenerate semiconductors as 
shown in Figure 16.

It can be seen that a high electric field is pres-,
ent in the transition region. •' Such a diode should.
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Figure 16. Energy-band diagram of two semiconductors in 
thermal equilibrium that defines the working space
Xih>*:h' *,h-*ie'

ELECTRON
ENERGY

Figure 17. Energy-band diagram of two semiconductors in
thermal equilibrium that defines the working space
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therefore, have a low avalanche breakdown voltage. This 
electric field may also be used to produce a low work 
function of the narrow gap semiconductor [23] by applying 
a thin coating of broad-gap semiconductor on to the narrow- 
gap semiconductor. This produces high-yield photoemissive 
cathodes [23] .

(e) Consider the next working space described by
^ i h ^ i e ^ a h ^ i e '  as shown in Figure 7. It represents a 
positive discontinuity AEc greater than , and a nega
tive discontinuity AEv greater than E ^ .

. As discussed in case (d) , (b<<j> and <|> =<f> maymi m 2 . mi m 2
be possible in this case only with highly degenerate semi
conductors. These cases will not be discussed here 
since the discontinuity itself will depend on the doping 
level [3].

For (J)wi >(}) , a high electric field can be obtainedm i in 2
as shown in Figure 17. Such a diode should have a low 
avalanche breakdown voltage. The GaAs-Cs20 heterojunction 
as proposed by Sonnenberg [23] is an example of this class 
A thin coating of Cs2 O on GaAs can produce negative elec
tron affinity [23] for GaAs. Such a structure may, there
fore, be used to produce high-yield photoemissive cathodes



37
(f) Consider the next, working space described by

X2h>Xih>X2e'* x2e=Xie aS shown in Figure 8. This configur
ation represents no discontinuity in the conduction-band 
but a positive discontinuity in the valence-band when 
isolated. On junction formation, however, the resultant 
barrier of electrons and holes is obtained, depending on 
the position of the Fermi level in each semiconductor. 
Three different cases are discussed.

If cPmisŝ m z ' then on junction formation, an isolated 
discontinuity in the valence-band appears as a hole bar
rier. No built-in voltage will be formed as shown in 
Figure 18(a).

If cf> <<}> , then the hole barrier from semiconduc-mi m 2
tor 2 to I, depends on the built-in potential supported 
by semiconductor 2. The electron barrier from semiconduc
tor I to 2 is Vbht, as shown in Figure 18(b)

Such a structure does not suggest any improvement 
in injection efficiency over a homojunction transistor, 
because a positive discontinuity in the conduction-band is 
absent.

If (J)- <(b , then on junction formation, the elecrIu I IU2
.tron barrier from semiconductor 2 to semiconductor I is
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(b) < <f>Iti2

(c)

x2e=X,e-

Figure 18. Energy-band diagram of two semiconductors in
thermal equilibrium that defines working space
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Vbhi,. The hole barrier will, however, become (VBHT + AE ), 
as shown in Figure 161(c) . A n-p-n wide-gap emitter tran
sistor can be obtained from such a structure, that will pro
vide a high injection efficiency of electrons.

GaSb-GaAs is an example belonging to this class. It 
is not of much interest, primarily because of the mismatch 
in lattice constants.

(g) Consider the next working space described by 
^ z h ^ i h ^ z e ^ i e '  as shown in Figure 9. It represents a 
negative discontinuity in the conduction-band and a posi
tive discontinuity in the valence-band, when two semicon
ductors are isolated. Three different cases are shown in
Figure 19 arising due to d> =<f> , $ <6 and d> ><j> .mi m 2 mi m 2 mi m 2

It can be seen that for <p <<p the electron andmi Tm2
hole barriers are independent of AE and AE as shown inc v
Figure 19(b) . For <f> ><f> , the electron and hole barriersIUI I112 • .
are (AEc + Vbht) and (AE^ + V0ht), respectively, as shown 
in Figure 19(c).

A similarity of this work space with that described 
in Figure 5 and discussed in (c) should be noted. In this 
case broad-gap semiconductor.is of lower electron affinity 
and in (c) case, the narrow-gap semiconductor is of a lower 
electron affinity.
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Figure 19. Energy-band diagram of two semiconductors in
thermal equilibrium that defines the working space
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A ZnTe-CdS heterojunction is an example of this 

class. This class has been studied by S. N. Dobrynin [24] 
theoretically. He has concluded that in this working space:, 
if the lower electron-affinity material is p-type.and the 
higher electron-affinity material is n-type, the best 
tunneling condition are possible. Thus, a heterojunction 
tunnel diode is possible in this working space or in the one 
described in case (c), which shows improved performance 
over the homojunction tunnel diode.

(h) Consider the next working space described by 
X2h>Xih? X ih=X26; X2e>Xie/ as shown in Figure 10. It 
represents a negative discontinuity in the conduction-band 
equal to E and a positive discontinuity in the valence- 
band equal to E . The similarity of this working class 
with that discussed in (d) should be noted.

It can be seen that 6 >6 and cf> <<j> is possible. rITt1 tIU2 mi rItl2 . c

with degenerate semiconductors only and, hence, is not
considered. For <f> <4 , however, a hetero junction isITl I ITl 2
possible with a nondegenerate semiconductor and as shown 
in Figure 20.

It can be noted that a high electric field is pres
ent in the transition region. Such a diode should, there
fore, have a low avalanche breakdown voltage. This
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Figure 20. Energy-band diagram of two semiconductors in 
thermal equilibrium that defines the working space
V x 1H i "xie'
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Figure 21. Energy-band diagram of two semiconductors in
thermal equilibrium that defines the working space
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electric field may also be used to produce low work func
tion of the broad-gap.semiconductor,[23] by a thin coating 
of the narrow-gap semiconductor, thus producing a high- 
yield photoemissive cathode.

(i) Consider the next working space described by 
X2e>X 1h* represents a negative discontinuity of elec
tron energy in the conduction-band, greater than E and a

^ *
positive discontinuity of electron energy in the valence-
band, greater than E„ , when isolated.

9 2
When a junction is formed, the resultant electron 

and hole barrier is produced which depends on the position 
of the Fermi levels in the two semiconductorsAs discussed, 
in (h) , and ^mi=stI1m2 ate not considered here.

For 0mi<^m2f however, a nondegenerate heterojunction 
is possible and as is shown in Figure 21.

It can be noted that a high electric field.is pres
ent in the transition region. Such a diode should, there
fore, have a low avalanche breakdown voltage. It can also ■ 
be used in producing high-yield.photoemissive cathodes.

Given a pair of semiconductors with known electron 
affinities and energy gaps, a unique working space can be 
assigned. Some general properties of the given hetero- 
junction pair are thus known.
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By knowing which semiconductor has the greater ef

fective masses of electrons or hol.es, we get some idea about 
the structure of the conduction and the valence-band, 
respectively (see, for example, Appendix A). Effective 
masses also give some idea about the mobilities in the two 
semiconductors. A direct-gap semiconductor has a short 
lifetime of excited carriers compared to indirect-gap 
semiconductors. By knowing the type of semiconductor in
volved, one has more knowledge of the structure in E - K 
space (see Appendix A).



Chapter 3

ANALYSIS OF ELECTRIC FIELD ■

This chapter describes a theory of electric field 
formation in metal-metal junctions, homojunctions and het
erojunctions. Expressions, for built-in voltage are de
rived. Distributions of carrier concentrations are 
plotted, and a practical model of the n-p semiconductor 
heterojunction is proposed and analyzed.

General Theory
Junctions between metals, metals and semiconductors 

or different semiconductors with different doping levels, 
result in a built-in electric field at the contact. Two 
different metals, in general, have different conductivities 
at a given temperature because different concentrations of 
electrons are available at that temperature:

n = SxlO22Zcm3, n = 6x1022Zcm3.■Cu Ag

If a contact is made between two different conductors, an 
exchange of electrons will take place by. diffusion corre
sponding to the concentration gradient, which causes the . 
substance whose concentration of electrons is initially 
lower to become more negative than, the other. Thus, a
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potential is set up at the boundary. This potential does 
not allow additional net diffusion to take place. A semi
conductor homojunction and semiconductor heterojunction 
are considered in the following discussion.

Semiconductor homojunction. Suppose that an abrupt 
p-n junction is somehow formed instantaneously by joining 
a uniform p-type sample to a uniform n-type sample to 
form a single crystal. At the instant of formation there 
exists a uniform concentration n% of mobile free electrons, 
and p i mobile free holes, on the n-side extending to the 
junction. On the p-side. a, uniform concentration of p2 
mobile holes and n 2 free electrons also extend to the 
junction. These concentrations are related to the net 
donor and acceptor densities at.a temperature, while, of 
course, on either side the electron and hole densities 
satisfy the relation:

ni pi = n2 p2 = 'nu f .

Since the concentration ni of electrons on the n-side is 
much larger than the electron concentration n2 on the p- 
side, at the instant of formation there exists an enormous
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gradient in the concentration of electrons at the junction 
between the two regions. The same situation exists with 
respect to hole concentration at the junction. The large 
initial concentration gradients set up diffusion currents; 
electrons from the n-region flow down the respective con
centration gradients into the region of opposite conduc
tivity type leaving the region near the junction depleted 
of majority carriers. This initial" diffusion flow cannot 
continue indefinitely because as the regions near the 
junction become depleted of majority carriers, the charges 
of the fixed donor and acceptor ions near the junction are 
no longer balanced by the charges of the mobile free car
riers which were formerly there, and so an electric field 
is built up. The direction of this electric field is such 
as to oppose the flow of electrons out of the. n-region and 
the flow of holes out of the p-region, and thus the magni
tude of the field builds up to the point where its effect 
exactly counteracts the tendency for majority carriers to 
diffuse down the concentration "hill" into the region of 
the opposite conductivity type. A condition of thermal 
equilibrium is established in which the region near the 
junction is depleted of majority carriers and in which
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space charge layers containing high electric fields are 
formed near the junction.

Alternatively, the situation can be described in 
terms of an energy-band model. Consider the energy-band 
diagram of isolated n-p semiconductors as shown in 
Figure 22. The position of the Fermi level in the n-type 
semiconductor is represented by Ep and in the p-type 
semiconductor is represented by Ep^.

It is known that within a solid or system of solids 
in thermal equilibrium the Fermi level Ep has everywhere 
the same value. Hence, when a junction is formed, we ex
pect an exchange of carriers. The electrons will move to 
the p-type semiconductor or, equivalently, the holes will 
move to the n-type semiconductors. The energy-band dia
gram of an n-p homojunction in thermal equilibrium is de
scribed in Figure 23. The electrostatic potential differ
ence \jj (x) between any two points can be represented by the 
vertical displacement of the band edges. The distance 
over which ip changes is called the transition region. The 
electrostatic field can be represented by. the slope of the 
band edges on the diagram. The built-in voltage, is
represented on the diagram.
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Figure 22. Energy-band diagram of isolated n-p semiconduc
tors of the same element in which space charge neutrality 
is assumed to exist in every region.
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Figure 23. Energy-band diagram of n-p homojunction in 
thermal equilibrium.
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Semiconductor heterojunction. .In the case of het

erojunctions , the situation is complicated by energy dis
continuities (AEc ,AEv). In two isolated semiconductors, 
as shown in Figure I, the positive discontinuities 
(AE^fAEy) represent barriers for holes and electrons to 
flow from the narrow-gap semiconductors to the broad-gap 
semiconductors. At the instant of formation there exists 
a uniform concentration of ni mobile free electrons and 
Pi mobile free holes on the n-side extending to the junc
tion, and on the p-side, a uniform concentration of p2 
mobile holes and n2 free electrons, also extending to the 
junction. .In the case of extrinsic semiconductors these 
concentrations are related to the net donor and acceptor 
densities at a given temperature, while, of course, on 
either side electron and hole densities satisfy the 
relations:

ni pi = n. 2, n 2 p2 = n. 2.ii i2

In general, the concentration ni of electrons on 
the n-side is much larger than the electron concentration 
n 2 on the p-side. At the instant of formation there exists 
an enormous gradient in the concentration of electrons at
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the junction between the two regions. The same situation 
exists with respect to hole concentration at the junction. 
Built-in voltage, in the case of a heterojunction, is a 
function of energy discontinuities (AEc ,AEv), effective 
masses (m* ,m* ,m*, ,m* ) and concentration gradients as 
shown in.the following section. Therefore, in the case of a 
heterojunction in addition to concentration gradient, the 
effect of unequal discontinuities' and effective masses 
should be considered.

At the time of junction formation, a flow of appro
priate carriers takes place across the junction and the 
Fermi levels of the two semiconductors line up in thermal 
equilibrium. The flow of carriers in turn gives rise to 
a built-in voltage which does not allow any further flow.
In the next section, the built-in voltage in heterojunc
tions will be derived for a general case.

Built-in Voltage
Consider a semiconductor heterojunction composed of

semiconductors with only 1/2% or less mismatch in the
»

lattice constant so that the effects of interface states 
can be ignored [25] . Nondegenerate semiconductors are
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under consideration so that Boltzmann statistics is valid. 
Assume that thermal equilibrium exists so that the Fermi 
levels are lined up. Donors and acceptors are assumed to 
be ionized so that the built-in voltage expression is in
dependent of acceptor and donor ionization energies. 
Consider an n-p isolated semiconductor with <j> >d> ,asm 2 yIti1
shown in Figure 24.

When the junction is formed to line up Fermi levels, 
higher energy electrons flow to lower energy levels (and/or 
higher energy holes should go to lower energy levels), 
making the lower energy side negative with respect to the 
higher energy side. The built-in voltage in a semiconductor
heterojunction is given by: EFi-EF2

BHT

where Fv Eci - KT In (gSl)

jF2 e V 2 + kT ln <5^-1

where: 
is given by

Nc is the density of states in conduction-band and

2tm*kT - /0 
2 (----2_ )  3 / 2 ,
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Figure 24. Energy-band diagram for two isolated semicon
ductors in which space charge neutrality is assumed to
exist in every region with 4) <<j>mi m 2
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and Nv is the density of states in valence-band, given by

Therefore.; BHT
. ! S T l n ,

q q n D 1 nA 2

From Figure I we obtain

-BHT - ^  - f  I" -
Cl

%  '

) .

N N
But E = kT In (-2-1— Zl 91 H 1 Pi ), and the donors and

acceptors are assumed to be all ionized, i.e., Nt ni;
N^2 = p 2 and hence:

BHT

°r VBHT ""

^ v
q

^ v
q

In (

In (

But, E -E
92 91

“C, KV2
ni P 2

CM Pl
V pT*

NC2 NVZ

ni Pi
Cl . NVi

ni pi
H m

(I)

• )  ..

We can put the above expression in the form of,
ni

BHT >  * f >■ t -) . (2)
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Equations I and 2 can be combined in the form of:

BHT
4V aeO ̂  kT . P' n >

2q 2q ln (pi n2
Vi C2) . (3)
Cl

Equations I, 2 and 3 are equivalent so that depending on
the kind of heterojunction involved, one can select the
appropriate equation. The above relations hold for all
kinds of hetero junctions classified with d> >cb . Form 2 mi
. c|) <4) / Vnrrm changes sign in all equations. Since theIU 2 Iu I nnl
discontinuities (AEc ,AE^) depend on band gaps and electron 
affinities, the above equation can be helpful to the 
designer in choosing appropriate semiconductors for re
quired built-in voltage.

The built-in voltage for an intrinsic semiconductor 
heterojunction can be obtained by simply substituting 
pi = ni and pz = n2 in equation 3.

BHT
intrinsic

4V 4eC , KT . ,V NC

4eV-aeC , 3 kT 
---2q + 4 T -) (4)

zh

The distributions of built-in voltages supported on each 
side of the junction are not equal. The transition region 
lies more on the side of lower conductivity. Generally,
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built-in voltages supported by a wide-gap semiconductor 
is greater in heterojunctions.

The built-in voltage expression, described by 
equation 3 can be rewritten in the form of:

" - A V A E c  ' k T + 1  ^  •Cl V2 .BHT 2q 2q

or V =BHT I-vBHTi ] + [V.

where
AE -AEV c I kT

vBHTi 2q 2q

and vBHT2 = 'Ir n i 
n2

vBHT1 is the component of

BHT2] .

In (: • N (5)

(6)

unequal discontinuities and effective masses; i .e ., the 
built-in voltage due to intrinsic semiconductors. . This 
component of built-in voltage is fixed when two semiconduc
tors are chosen. By changing temperature or pressure, 
slight variations in this component may be achieved. This 
component of voltage can also be changed by heavy doping 
which can change basic properties of semiconductors.

The other component of built-in voltage Vdtj- arises 
because of different carrier concentrations on the two 
sides of the junction. This component resembles the total
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built-in voltage in a homojunction and it vanishes for an 
intrinsic junction.

It should be noted that the sign of Vrftrm is fixedBril i
for a heterojunction depending upon the basic properties 
of the semiconductors, while the sign of Vnrrm is con-Bnl 2
trollable by doping levels in two semiconductors. To have 
the net built-in voltage be zero, vBHTl and Vqht2 are re
quired to be equal in magnitude but opposite in sign.

The component of built-in voltage, Vnrrm if it ex- 
ists, must result from some difference in charge across the 
junction. Let us find an equivalent charge ratio (— ■) due

V2
to unequal discontinuities (AEc ^ AEc) and effective masses.

kT 0 1For simplicity let us equate 2q ln to V q h t  ̂ ,

scribed by equation (5) i.e ., we can represent VBHT

de
in a

form which is similar to V :BHT 2

E  ln (§7 > BHT ■

i ln Vi
C n C 1

This equation can be solved for ~  and the solution can be
expressed as follows:



59
AE -AE v c

Qi
Qz

- e
■ t :

Vi (7)
Cl V 2 .

Now the built-in voltage at the heterojunction can be 
expressed as

VtBHT vBHT1 + vBHT2

]
kT ln fE2_JH Qll 2q [n2 pi Q2J

where Qi and Q 2 are related by the equation (7). For a 
homojunction we have,

AE__ = AE_ = 0 . , .

hT 1 = Nva = Nv '
=  Hc •

Therefore, built-in voltage in the case of homo
junction is given by equation (8), as

V C
i .= NVi V 2
f NCl C 2

S = I

BHM H . in I '
which is known to be true.
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Distribution of Carriers

The distribution of carriers at a semiconductor 
heterojunction differs considerably from that of a homo- 
junction. For a homojunction, of course, the np product 
is equal to n^2 everywhere in the semiconductor at thermal 
equilibrium. Concentration gradients of both holes and 
electrons must exist at the junction. The concentration 
gradients near the metallurgical junction are normally 
very large because the equilibrium minority-carrier concen
trations are usually at least three orders of magnitude 
below the corresponding majority-carrier concentration.
The approximate distribution of carriers near the boundary 
plane of a typical germanium pn junction in equilibrium at 
room temperature is shown in Figure 25.

For a semiconductor heterojunction, the relation 
m p i  = n^ ̂ 2 n2p 2 = ni22 suggests that under ideal condi
tions, there exists an abrupt change in the carrier concen
tration across heterojunction. Consider the following . 
relations that must be true on either side o f ■the

junction in thermal equilibrium. E
• ___Si.% 'nipi = U - = N  N e■ II Cl Vi
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NA I O 16C m " 3

= 2x10

KAbout 3x10 cm -*
Nn --  ,___N

Figure 25. Approximate distribution of carriers near the 
boundary plane of a germanium p-n junction at room 
temperature [26].
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n2P2 ljC2 NV2 e "kf2- M d

Therefore,

S*.. ( S - I  e + '
AE +AE c v.

2J. = k *El  n.z Pi

m *  m*
where -K* = Jg1) e

AE +AE 
+ (— V)

n2 p 2
is a constant which is much greater than one for 
ri. >n. : .ii I2

Consider the following example:
Consider GaSb-InAs, a heterojunction, which has the 

following constants [27]:
m* = .02 ni m* = 0.41 n iOIl

CSl

mj2 -0. 5

. AE.
0.84 eV. 
-0.52 eV.

(0.02x.41)
AE +AE

+ V)
0.04x.5 

For T = 30 0°'K

= (0.41) e+ 12,7
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(a) The value of the constant K* in the case of
K* = I x l O 5 >> I.

homojunction is given as follows:
m* = m* = m* ni n% e

and AE + A E  = 0 c v
m* = m* = m*Pi P 2 h
Hence, K* = I for any homojunction.

(b) The value of the constant K* in the case of a
heterojunction with AE = 0  and m* = m*c m  na
is given by

(c)

m*
e ' kT

The value of the constant K* in the
heterojunction with AÊ  

is given by
0 and m* Pi

case of a
= m*Pz

K* =
-AEcA T

e

Detailed knowledge of the distribution of the car
rier at the heterojunction is not available; however, an 
estimate of approximate distributions of the carriers is 
possible for an abrupt heterojunction. On the narrow-gap 
semiconductor's side, Uip1 = n. 2 must be satisfied at eachI I

a.
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point while on the btoad-gap semiconductor side, M2Pz=Hj. 2
at each point. Near the junction, the analogy with the
homojunction is used to bring n % as close to n 2 and to
bring pi as close to .p2 as possible still satisfying
MiPi = n. 2 and n2p2 = n . 2. It is to be noted that the I I I 2
concentrations of electrons and holes in each semiconductor
is independent of the energy discontinuities AE and AE .c v

Consider the following example:
Let us plot the carrier concentration of Ge-GaAs 

heterojunction:
Ml P I = 5.76 x 102 6 for Ge at 3000K [28]
M 2P2 = 1.21 x IO14 for GaAs at 300°K . [28]

Let M 1 = 5.76 x IO2 0 gives pi = IO6
Let p2 =. IO-.12 gives n2 = I .21 x IO2

Figure 26 describes the plot of the carrier concentration. 
It shows an abrupt change in concentration of the elec
trons and holes.

Practical Model of n-p Semiconductor 
Heterojunction

Experiments [29,30] carried out on semiconductor 
heterojunctions indicate that the interface between two 
different crystals do not coincide with the plane of the
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- 3n,p cm 5.76x10 1.21x10
Pi = 10 P 2 = 10

5.76x10

1.21x10

GaAs

Figure 26. The approximate distribution of carriers near
the boundary plane of an abrupt n-p Ge-GaAs hetero
junction in equilibrium at 300°K.
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p-n heterojunction. In the process of formation of a p-n 
heterojunction, the two planes can differ to such an extent 
that the resulting p-n junction is a homojunction which can 
be located on either side of the heterojunction. The prac
tical model assumes that the plane of the heterojunction 
and the corresponding to the p-n junction do not coincide 
and that the heterojunction lies inside the space-charge 
region of the p-n junction. This, in reality, is the 
case found most frequently.

Model and Assumption. It will be assumed that the 
boundary between two different semiconductors and the p-n 
junction is abrupt and that the distributions of the accep
tor and donor impurities are homogeneous. It is also as
sumed that the acceptors and donors are completely ionized. 
The p-n junction in question is nondegenerate and the ef
fect of electrons and the holes in the space-charge region 
will not be considered. Moreover, the surface charge in 
the plane of the heterojunction will be ignored and, of 
course, as usual the one dimensional case will, be con
sidered.

According to the model, a heterojunction is a com
bination of an isotype heterojunction and homojunction.
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This homojunction can be in the narrow-gap semiconductor 
or in the wide-gap semiconductor, depending upon the dif
fusion coefficients and the nature of the semiconductor. 
Figure 27 represents the energy-band model of a heterojunc
tion, where the n-type impurity of the narrow-gap semicon
ductor has penetrated into the broad-gap p-type semiconduc
tor . ..

The built-in voltage at the heterojunction is given
by:

V = BHT 2

Built-in voltage at the homojunction is:

eFZ-eF 3'BHM
The built-in voltages Vb h t and Vb h m in this case have dif
ferent polarities. Figure 28 represents the energy-band 
model in thermal equilibrium. The. Fermi level lines up 
throughout the system. Calculation of the electric field, 
transition region and capacitance will be presented in the 
next section. It can be noted that such problems do not 
arise in intrinsic semiconductor devices.

Calculation of electric field and capacitance. Fig
ure 29 shows; the model under study. The interface between
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ECl
EFi

EC 2

EVi EF 3
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Figure 27. Energy-band diagram of two isolated semicon
ductors. The n-type impurity has diffused into a p-type 
broad-gap semiconductor, thus forming an n-n hetero
junction and an n-p homojunction.

ELECTRON
ENERGY

Figure 28. Practical model of semiconductor hetero 
junction (n-p) in thermal equilibrium.
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Semiconductor Semiconductor

p-typen-type

x=0 x2

Figure 29. n-p heterojunction in practice consists of an 
isotype heterojunction (n-n) and homojunction (n-p). 
Isotype heterojunction is shown to have shifted "t" units 
into an n-type semiconductor.
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the two different crystals do not coincide with the plane 
of p-n junction. Assume the p-n junction is located at x=0 
and the heterojunction is shifted a distance "t" toward the 
n-type semiconductor. The electric field in this model can 
be approximated by solving Poisson's equation in three 
regions. Region I corresponds to the donor impurities in 
semiconductor I; region 2 correspond to the donor impuri
ties in semiconductor II; and region 3 denotes the region 
containing acceptor impurities in the semiconductor III.

The required boundary conditions are [30]:
Ei

E2
X = -Xi

x = 0 -

= 0 ; Ei ei

E 3 

Vi 

V 2

x = 0  

x = -Xi

x = -t 
; E 3 x = X 2 

0 ; Vi

E2 E2 

0
x = -t

x = 0 = V.
x = -t
n ? V  3

V 2

X = X 2

X = -t

= -V +Va BHM

The following expressions have been obtained, using 
Poisson's equation.

Region I
V. D = p = q N0

considering only a one-dimensional case,
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dE i 
dx

ZdE1

Ei

Na

/  i  Na + C 1

(x+xi) + Ci

-Xi

ih N d
now El X _ _Xi = 0 is a boundary condition

Therefore, Ci = 0
and Ei = ^- Nd (x+xi) .

Since
-»E = -VV

Ei = - W  = Nd (x+x'>
Therefore, Vi (X) = - N , (x+xi)2 + C2

(10)

Since Vi

Region 2

Therefore, Eg =

-Xi 0 is a boundary condition, Ci

dE2
dx £2

qNg.
£2 (x+x i) + C 3

Boundary condition EiEi
qNdyields ' E2

x = -t 
(x+Xi);

E2E2 X = -t

(11)
therefore, V 2 (x) - q (x+xi)2 + Cu2 E 2 d
Boundary condition V i (-t) = V 2 (-t), yields

- g „ ____  ̂2 qNdV 2 (x) 2 e 2 N d (x+xi)2 - ^  (xi_t)2 " £7 ]
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Solving the expression, the following relation is ob
tained:

(12)V 2 (x) ^ x2 + 2xi (x+t) -t2 + (xV-t) 2

Region 3

E 3 (x)

3E3
dx

E2 .

V.D = p = q N

E 2

(X2-X) + C 5

The boundary condition is E 5 X 2 0; therefore C 5 = .0;

Hence
qN

E 3 (x) = — —  (x2-x) e 2 (13)

dV3 _ ' qNa
asr “ e2 (X2-X)

.qN
V =<x> = + 2e? (X2-X)2 + C6

and V 3(x) = - V
x=x2 a + vBHM '

where Va is the applied voltage and Vb h m is 
the contact potential [30].

Therefore, qN
V3(X) = 2if; (X2™X)2 “ (VBHM"Va) ■ ■ (3̂4)
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The following expressions are obtained for the

width of the space-charge region in the n-type and p-type-1
of the model studied.
The boundary cbndition ■Ea

N ,
gives X 2 Xl . (15)

Also using boundary condition V 2 V 3 x = 0
and solving a quadratic equation, xi can be obtained 
as follows:

X i 2 + 2xi t (I - $4-) - 't2 (I - -2

x I

£ i
(S2-E1) t Na 
(NgE2 + NdEi)

£ I
s /VBHM~Vax- ei)-(— ^  )

(VBHM~Va) 1̂ a2e 1 6 2 
Ndq (E2Na + £iNd)

t2 (E2- E 1) E1Na (N^Nd) 
( E 2 N a  +  E 1 N d ) 2 . ■]

1/2
(16)

Using equation. 15, the following relation is 
obtained:

x 2
Nd t (E2- E 1) 
(NaE2 + NdE 1")

[(VBHM_Va) 2e 1 e zNd ^ Z'e V 2~e i ̂ Nd2 *'N,a'+Nd'*
qNa (NaE2 + NdEi) Na (NaE2 + NdE 1)& I

1/2

(17)
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For t=0, in equations 16 and 17, we obtain an ex

pression of the transition region width W=xi+xz as de
scribed in chapter one and originally obtained by 
Anderson. Also for t=0 and Ei=E2=E/ the transition region 
width is transformed to the standard expression appropri
ate for a homojunction. The expressions presented here 
are valid for xi>t.

Capacitance; The charge per unit junction area [.31] 
is given as follows:

Iq I = q Nd X i = q Na X 2

dQ
dV

q N a N d Ei E2
2 (VBHM"Va) ( % a E 2 + N d E  i ) E 2 - 4 t =  (.E2-E i ) qNd (Na+Npf

( 1 8 )

For t=0, capacitance reduces to the expression 
presented in chapter one, obtained by Anderson. For '
E i= e 2=£ it reduces to the standard capacitance formula 
for a homoj unction.



Chapter 4

TEMPERATURE EFFECTS IN SEMICONDUCTOR 
HETEROJUNCTIONS

This chapter describes a study made to predict how 
the properties of a junction vary, while the properties of 
two different semiconductors vary differently at various 
temperatures. In the following section, the temperature 
dependence of the carrier concentration is discussed 
briefly and an expression describing a change in concen
tration due to a small change of temperature is obtained. 
Evaluation of the Fermi level at different temperature 
ranges is discussed. The variation of Fermi level is also 
discussed. The temperature dependence of the built-in 
voltage is discussed next by considering two different 
cases. Finally, the temperature dependence of energy dis
continuities (AEc ,AEv) is studied. The total change of 
the energy discontinuities (AEc + AEv ) in three different 
cases has been computed and plotted for 0°K to IOOO0K.
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Temperature Dependence of 

Carrier Concentration
The product of hole and electron concentrations 

at thermal equilibrium is independent of impurity concen
tration.

*oPo N N e c v -EgAT (19)
Where Nc is the density of states in the conduction- 

band and N^ is the density of states in the valence-band as 
defined in chapter three.

Therefore, equation (19). becomes

32 (ISl) ( % > )  T' S - V klnoPo v h 2/ ' mz (20)

where: k is Boltzmann1s constant -
^  = TH ' where h Planck's constant 
m* is the effective mass of an electron 
m£ is the effective mass of a hole 
m is the true mass of an electron outside the 

solid.
Equation (20) can be approximated by the following

equation

V o AT' e-Bg(T)/tT (21)

where A can be assumed as a constant since the effective
masses do not vary significantly with temperature, i.e.,
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The product of hole and electron concentrations 
at thermal equilibrium is independent of impurity concen
tration.

n p = N N  e - V kT OjrO c v (19)
Where N^ is .the density of states in the conduction- 

band and N^ is the density of states in valence-band as 
defined in c'hapter three.

Therefore, equation (1 9 ), becomes

nopo = 32 ( - 4 r )  T 3 . - V k* (20)

where: k is Boltzmann's constant
hTi = • where h is Planck's constant

m* is the effective mass of an electron 
m£ is the effective mass of a hole 
m is the true mass of an electron outside the 

solid.
Equation (20) can be approximated by the following 

equation '

AT: e-Eg(T)/kT*oPo (21)

where A can be assumed as a constant since the effective
masses do not vary significantly with temperature, i.e.,
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the energy bands move with temperature without changing 
shape [40]. Equation (21) shows that narrow band-gap 
semiconductors are more sensitive to temperature than 
wide-gap semiconductors.

In order to account for band-gap variations with 
temperature, the following relation [32,33] can be used 
[see Appendix B].

Eg (T) = Eg(O) - (22)

where a is an empirical constant and $ is the O0K
Debye* temperature. Equation (20) now becomes

r y r n Z

nOpO = AT exp - [Eg (O) - jg+^y-lAT.

Since HqPq = nj_2/ it can also be written as

n. = T3/2 exp [ ^ l i ]  . exp (̂ Ig+T) 1 '

3 /2In general, T z term is not important and since a 
is very small [see Appendix B], the above expression can 
be approximated as

*Debye temperature 6 .= , where wm is the maximum
frequency of vibration of coupled atoms in a crys
tal, chosen in such a way that total number of normal modes 
of frequency less than wm shall be just 3N, since this is 
the actual number of normal.modes which exist for a crystal 
of N atoms.
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n.CTi) B exp
-Ea (O) 
2kTi J

where B is a slowly varying function of temperature and 
is given by

B = A1/2 TV 2 exp [2k (3+T) ] '

Now consider a small change of temperature and we can find
the corresponding change in concentration.

-E„(0)
Mi (!.,+AT) = B  exp ( 2k (I,+AT) 1 

~Eq (0)
or H1 (TtAT) = Bexp I2m i 1w AT, ]

For I

n ^ (T+AT)
-Eti(O)

“ B exP eS k r T 1 [ 1 - AT]T 1 J
-Eq (O)

- B exP 1-StrTi exp
E (O)AT
-3. . ____I2kTj T 1 J

• ' E (O)AT
(T1+AT) = Ui (T1) exp [ --fkT'" - ]

Therefore, the change in concentration due to a rise in 
temperature AT is in direct proportion to the exponent of 
the increment AT.
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Evaluation of Fermi Level

at Different Temperature Ranges
In a semiconductor at equilibrium.there must be 

either a thermal hole or a positively charged donor ion 
for every free electron. The entire crystal must be thus 
electrically neutral. This electrical neutrality condi
tion can be expressed by equating the algebraic sum of 
all negative and positive charges to zero.

P0-nO + Nd"Na + Pa"nd = O (23)

(N^ - n^) represent ionized donors Nd " ionized donors
N = ionizedCl acceptors

(N& - Pa) represent ionized acceptors Pa = unionized
acceptors

nd = unionizedU donors
For all but the lowest temperature and the highest 

value of impurity concentration, the Boltzmann approxi
mation will be valid for both conduction and valence- 
bands and for both donor and acceptor levels, whereby 
the concentration of unionized donors and acceptors, p& 
and n^, may be neglected in equation (19). That is as
suming all donors and acceptors are ionized. Equation (23) 
gives the following relation:
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p -n + Nj3-N jrO o d a (24)
E--E

where nQ = Nq exp - (— )

' EP~Evand po = Nv exp - (- ^  ) ? thus equation (24)

becomes
r (eF-e V 1I r (e C-eF 1'

nV eXP[----Ef-J - NC exPr[ -  CkTF ] + Nd-Na = 0 (25)

For simplicity let.
a = exp [EF/kT]
$c = exp [-Ec/kT]
3 = exp [Ey/kT] . (26)

Now equation ' (2 5) takes the form of

0. - fV V  „ - Vz _ o
NC 6C NC BC

Solving this quadratic equation for a and taking the 
logarithm of the result, the following relation can be 
obtained:

E„
Ina - Kd-Na

ZKcBc
+ J Nj-Nd . V v

= V e  K0B0 (27)

where the positive sign of the radical in equation (27)
Ef /kTmust be chosen, since when NU=N =0, e 'Cl 3. must be a positive
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quantity. It can be put in another convenient form using 
the formula;

In (a + /a^+x* ) = Inx + Sinh  ̂^

Using this relation, and substituting the values given by
equation (26) for 6V and 8 , E^1 can be expressed as

. m* 3/4 , N.-N
Etr = 1/2(E„+E^) + kT ln(^#) + kT Sinh"1 ------ - -

^  . 2 / l y T e

(28)
The first two terms on the right side of this equation 
represent the Fermi level for an intrinsic semiconduc
tor, and since

H1 - A y r  e - r o ,

we may write equation (28) as
l N.-N

Ep = Epi + kT Sinh ( " f ^ )  (29)

This expression gives the Fermi level for a doped semi
conductor in the range over which the Boltzmann approxi
mation is satisfied. This expression is valid if donors 
and acceptors can be regarded as completely ionized, i.e., 
intermediate range of temperature. In the low temperature 
range when donors and acceptors are not ionized completely
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and at high temperatures where there is a thermal gener
ation of carriers will both be considered next. If the net
impurity concentration ^d - Ha is much larger than n^,
the number of thermally excited carriers will be small 
compared with the total number; in this case the argument 
of the inverse hyperbolic sine function in equation (27) 
is very large, since sinh 1X =, ± In12x| for large values 
of x; it is clear that under these circumstances equation 
(29) becomes:

± kT In
N - N  d a (30)

where the plus sign is for n-type material (N,>N ), anda a
the minus sign is for p-type material (N >N,).a u

At absolute zero the Fermi level lies midway be
tween the donor level and the conduction-band in the case 
of an n-type semiconductor. As the temperature increases, 
the Fermi level first increases slightly [35] (remaining, 
nevertheless, below E^) and then decreases, moving down 
through the donor level towards the center of the gap for 
nondegenerate semiconductors.

Similarly for a p-type semiconductor under these 
same circumstances, the Fermi level at zero temperature
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lies midway between the acceptor levels and the valence- 
band, and with increasing temperature moves first down
ward [35] a bit, then upward.

In both n-type and p-type semiconductors, the Fermi 
level approaches the intrinsic value for sufficiently
high temperatures, since at some high temperature the 
number n^ of thermally excited carriers will be far in
excess of the number contributed by donor.and
acceptor impurities. Beyond this point the behavior of 
the material will in every way approximate that of an in
trinsic semiconductor. Figure (30) shows the Fermi level as 
a function of temperature [35] for both n-type and p-type 
material.

Temperature Dependence of Built-in 
Voltage

Consider a heterojunction composed of nondegenerate 
semiconductors. Assume a negligible number of interface 
states so that position of the Fermi level is independent 
of interface states at the junction. It is also assumed 
that the thermal expansion of the two semiconductors is 
approximately equal so that resulting thermal strain at 
the junction can be neglected. It has been found due to
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Er (T)

(a) n-type

(b) p-type

Figure 30. Variation of Fermi level with temperature for 
(a) n-type and (b) p-type semiconductors, of various im
purity densities, those marked "2" to intermediate den
sities , and those marked "3" to relatively high impurity 
densities [35].
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thermal strain the continuity of crystal structure remains
in doubt and dislocations are produced and several times
resulting in a crack at.the junction [29].

For <f> , the built-in voltage for the hetero-mz mi
junction is given by

eP 1 ~EF2
BHT

or
AE -AEV = __Z___cvBHT. 2q In /P'2 hi 

Pi n2 )

The built-in voltage directly depends on the difference 
of the Fermi level in the two semiconductors. The Fermi 
level is a function of temperature and the lower the 
energy-band gap, the more sensitive is the Fermi level 
with respect to temperature, because thermal energy kT 
approaches the smaller energy gap, and can be reached at 
lower temperatures . Since two different semiconductors 
are used in a heterojunction, several interesting effects 
are seen when the temperature dependence of the built-in 
voltage is considered. If the discontinuities are as
sumed to remain constant, then the change in built-in 
voltage is due to change in the factor

' kT ln(P 2 H 1 Pl nZ
V M C Z.
“C, NV 2'
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At lower temperature', donors and acceptors in two semicon
ductors may not be all ionized and there will be a corre
sponding change in (|^~~) . At higher temperatures there 
will be a thermal generation of carriers which will be dif
ferent in the two semiconductors thereby changing the built- 
in voltage. At still higher temperatures (depending on band 
gap) the Fermi level in each semiconductor tends to ap
proach the intrinsic level thus occupying the position 
and , respectively; however, in contrast to a homojunc
tion, the built-in voltage may not collapse in the hetero
junction. Two different cases will be described showing 
that the built-in voltage changes sign with increasing 
temperature:, in some cases twice.

Case I
Figure 31(a) shows two isolated semiconductors

with AE >AE and doped so thdt the Fermi levels are shown, v c Ep9“Ep,The built-in voltage is — ^ — -. At an elevated tempera
ture, Ef goes to Efi , the narrow-gap semiconductor 
being sensitive to temperature, thus increasing the built- 
in voltage.as shown in Figure 31(b). At still higher
temperatures, E tends to come to E ; then built-in £ 2 r J-2
voltage starts decreasing; it becomes zero when E andTl I
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ELECTRON
ENERGY

EV2

2

Figure 31. Two isolated semiconductors as discussed in 
Case I, space charge neutrality is assumed to exist in 
every region. (a) At room temperature, (b) at an ele
vated temperature where narrow-gap semiconductor becomes 
intrinsic making built-in voltage increase, and (c) 
at a temperature where broad-gap semiconductor also be
come intrinsic, show a change in polarity of built-in 
voltage if compared with Figure (a).
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Ep1̂ line up. Upon a further rise of temperature, Ep takes 
the position Epi  ̂ as shown in Figure 31(c), thus changing 
the polarity of the built-in voltage (or the direction of 
electric field).

The built-in voltage is plotted in Figure 32. Be
yond temperature T 1 the narrow-gap semiconductor becomes 
intrinsic while the broad-gap semiconductor does not. At 
a still higher temperature Ta, the broad-gap semiconductor 
also become intrinsic while the narrow-gap semiconductor 
remains intrinsic. It is possible that these transition 
temperatures may exceed the melting point of one of the 
semiconductors. An example is worked out as follows:

Example: Consider an example which describes the
change of built-in voltage as discussed in Case I. For 
convenience consider a Ge-Si heterojunction as shown in 
Figure 33. For this problem also, the effects of inter
face states are neglected. The following data for Ge,Si 
semiconductor can be obtained [36].

E =0.66 eV . E =1.11 eV.gi gz
X- = 4.13 eV. x - . “ 4.01 eV.©I . e z .

The energy discontinuity in the conduction bands, AE^ is 
given by
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Temperature

Figure 32. An approximate plot of built-in voltage at the 
the heterojunction with respect to temperature, in Case I.
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4.13 4.01

0.12
, _ E

0.66

X ----- >

VBHT 0.079

Figure 33. Energy-band diagram of isolated Ge-Si, in which
space charge neutrality is assumed to exist in every
region at 3000K.
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Xei-Xe2 0.12 eV. and the energy discontinuity in the
valence-band, AE is given by E - (E +AE ) = 0.33 eV.v gz gi c
Let us consider both n-type semiconductors. The position 
of the Fermi level is given by equation (30) as follows:

NdEpl + kT In ~  ; for Na = 0, (31)

where Efi is the position of the Fermi level in an in
trinsic semiconductor, and is given by [37]:

5T fz + I kT in
2/3

where m ^  is the density-of-state effective mass of the 
valence-band and m^e is the density-of-state effective mass 
of the conduction-band.

For germanium, the position of the intrinsic Fermi
level is given by [37]:

imIh3/2+m*. 3/2 2/3""hh ')
(m*.m*2)^/3

E C + E V
,-5

0.66 eV,
K = 8.62 x 10 eV.°/k 

The following data can be obtained [27]:
m?, = 0.04 m? = 1.6

K h 0.3 0.082
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Hence, position of the Fermi level in an intrinsic ger
manium is given as follows:

eF1 i = (°-33 " 7.45 x IO-5 t ] eV. (32)

EFI = 0.31 eV.
T=300°K

Similarly for silicon, the position of the - intrinsic
Fermi level can be obtained using the following data [27]:

E + E = 1.11 eV. c v
m£k = 0.16 m£ = 0.97

m*, = 0.5 m* = 0.19hh t

EFI2
EFI2

= [0.555 - 3.7 x IO"5 T]

= 0.544 eV.
T=SOO0K

eV.
(33)

Let the doping level of donor atoms in germanium be 1.5 x
I 6 atoms/c.c. and that in Si be 101 atoms/c.c. There

fore, the position of the Fermi level can be obtained us
ing equation (31). h. for Ge at 300°K is 2.4x1013atoms/c.c .

[38]
jF 1 E_T + 6.4 kT FI1

0.473 eV. at 300°K
(34)
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Similarly for silicon the position of the Fermi level using
equation (33) and the intrinsic carrier concentration
1.45 x 1010 atom/c.c . at 3000K [38], Ep is given by

E- = 0.882 eV.E 2
Therefore, the built-in voltage is (<}> -<j> ) or the differ-

nii nig
ence in Fermi level on a common base is given by 0.079 eV. 
at 300°K. Figure 33 describes the energy band diagram at 
300°K.

At about 450°K the intrinsic concentration of car
rier in germanium becomes equal to 1.5 x 1016/cm3 [38] and 
germanium becomes intrinsic.
Therefore, Er, = E„T■c i f -L I

= 0.30 eV. using equation (32)
Similarly for silicon the position of the Fermi level using
equation (31), (33) and intrinsic carrier concentration
4 x 1013 atoms/c.c. at 450°K [38], E is given by£ 2

Er, = 0.754 eV.■L z
Therefore, the built-in voltage is given by 0.124 eV.: 
showing an increase of 0.045 eV. compared to the built-in 
voltage at 3000K. Figure 34 describes the energy band 
diagram at 450°K.

At 6000K the intrinsic carrier concentration in sil
icon becomes 1016/c.c „ [38]; hence, silicon becomes



94
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r i ~

X ----- >

^BHT = eV.

Figure 34. Energy-band diagram of isolated Ge-Si, in which
space charge neutrality is assumed to exist in every
region at 4500K.
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intrinsic at this temperature. The position of the Fermi 
level in germanium and silicon is obtained using 
equations (32) and (33).

eP 1 = eFI1 = °-29 eV‘ 
eF 2 “ eFI2 =0-533 eV.

Now <j)m <<J)m , since the built-in voltage has changed sign 
and is given by -0.087 eV. at 600°K. The energy band dia
gram is described in Figure 35 at 600°K.
The built-in voltage is calculated at various temperature 
and tabulated as follows:

T°K Vb h t in eV.
300 0.079
375 0.084
450 0.124
475 0.079
500 0.0488
550 -0.092
600 -0.087

Vb ht is plotted as a function of temperature in Figure 36. 
It should be noted that this plot will vary as the doping 
level in the semiconductor changes and that changes the 
sign of built-in voltage can be achieved at lower tempera
tures if the semiconductors are lightly doped.
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1 1 3
' ■ E,

I
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X

T = 600 0K VBHT = -0'087 eV.

Figure 35. Energy-band diagram of isolated Ge-Si, in which
space charge neutrality is assumed to exist in every
region at 6000K .
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VBHT in eV*

0.075

0.05

0.025

600°K

-0.05

- 0.1

Figure 36. Built-in voltage at the Ge-Si heterojunction 
as considered in the example of Case I.
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Case 2
Consider two isolated semiconductors doped in such 

a way that the positions of the Fermi levels are as shown
in Figure 37 (a). If a junction is formed, a built-in volt- 

Ep1-Ep-age of value — ^ — - can be obtained.
As the temperature of the diode is increased  ̂

will move down and at a sufficient temperature acquire a 
position Epj , thus changing the sign of the built-in 
voltage as shown in Figure 37 (b) ; Et, will be affectedr 2
only slightly as semiconductor 2 has a broad gap compared
to semiconductor I. At a still higher temperature, Epi^
will remain almost fixed while Ep  ̂ will move down acquiring
a position of E , thus changing the direction of the r 12
built-in voltage once again, as shown in Figure 37(c). The
built-in voltage is plotted in Figure 38. Similar effects
with a p-p heterojunction (AE^>AE^) can be obtained by
changing junction temperature. For example, consider the
working space (Chapter 2) described by X2^>X ie>X^e and
the case <j> =<{> . There is no built-in voltage present;mi m 2
however, at a higher temperature and <|> may move in
such a way that it gives rise to built-in voltage at the 
junction. Such effects are not possible with homojunctions
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ELECTRON
ENERGY

Figure 37. Two isolated semiconductors as discussed in 
Case II, space charge neutrality is assumed to exist in 
every region with AE >AE . (a) At room temperature, (b)
at an elevated temperature where narrow-gap semiconductor 
becomes intrinsic making built-in-voltage to change sign, 
and (c) at a temperature where broad-gap semiconductor 
also becomes intrinsic, changing the sign of built-in 
voltage once over again.
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Temperature Dependence of 

Discontinuities
The total discontinuities in the conduction and 

valence-band appear due to the difference in energy-band 
gaps of the two different semiconductors. Assume that the 
junction is characterized by an abrupt change in the band 
structure and that interface states can be neglected. Also 
assume that the magnitude of the conduction-band discon
tinuity, AEc , is determined by bulk band energies and is 
equal to the difference of their electron affinities =

The general relation between energy-band gap and 
temperature is repeated as follows: (Equation 22)

Eg - V°> " r m r

where Eg(O) is the energy gap at 0°K, (3 is the approximate 
0°K Debye temperature, and a is an empirical constant„ In 
the case of a semiconductor heterojunction, the total dis
continuity can be expressed as a function of temperature:

AE + A E  = E  (T) - E (T) c v gi g2
AE + A E  = E  (0) - E (0) + c v gi g2

T 2[a2 (T+gi)-ai (T+P2) 3 
(T+Bi)(T+32)

where E (0) and E (0) are the energy-band gaps at 0°K, 3i 9 1 92
and 32 are the Debye temperatures at O0K and a i, a2 are
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ligure 38. Built-in voltage at the n-n heterojunction 
with respect to temperature in Case II.
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empirical constants of the two semiconductors comprising 
the heterojunction.

If — ■ z , then the change in discontinuity will
be negligible. If a2 (T+$i) > ai(T+B2 ) for E (0) > E (0)gi <3z
at a given temperature T, the total discontinuities will 
increase with increasing temperature. The change,of total 
discontinuities have been computed for Ge-GaAs[33], Gais-Si 
[33] and Si-Ge [33] as shown in Figure 39 and tabulated in 
Appendix B . In the case of Ge-GaAs and GaP-Si junctions, 
the total discontinuities decrease with increasing temper
ature, while in the case of Si-Ge it increases with in
creasing temperature. Relative changes of the two discon
tinuities are one of the important considerations in a 
heterojunction. If the conduction and valence-bands (of 
E-k plot) in the two semiconductors are symmetric, then 
the change of the two discontinuities should be proper-

I

tional to their magnitudes. If, however, the valence-rbands 
of the two semiconductors (for example, Ge-GaAs) are sym
metric, the total change of discontinuity can be approxi
mated by the change of AEc [34]; a similar argument holds
for AE . v
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2.00
Total
Discon
tinuities

in eV.
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Ge-Si

800 1000
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in 0K

Figure 39. Change in total discontinuities with changing 
temperature are plotted for GaP-Si, Ge-GaAs and Ge-Si 
heterojunctions [see Appendix B ].
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Variation of the total discontinuities depends upon 

the properties of the two semiconductors, and for a given 
semiconductor it will depend upon the orientation of the 
crystal [39]. Relative change of discontinuities depends 
on the shape of the conduction and valence-bands of the 
semiconductors. It is believed that the change of the band 
position with temperature is accompanied by a negligible 
change in the shapes of the bands [40] and so the change 
of effective masses can be assumed to be negligible.

The changes of discontinuities have been found to 
be very small and hence can be ignored for many appli
cations .



Chapter 5

INTRINSIC SEMICONDUCTOR 
HETEROJUNCTIONS

A homojunction diode is doped on either side of 
the junction to create electron and hole gradients across 
the junction and hence to obtain a useful built-in voltage. 
When a potential is applied to such a diode, it appears 
at the junction, since the junction offers much higher 
resistivity.; compared to the n or p region of the diode.
The reason for high resistivity at the junction is that 
the transition region is depleted of electrons and holes. 
In such a diode the voltage drop in n and p regions is 
small and, in general, heating loss (I2R) should be small.

In the case of a heterojunction, it is possible to 
get a built-in voltage at the junction without doping the 
two semiconductor crystals. .Introduction of impurities
into a uniform crystal not only increases the cost of the 
device processing, but also distorts the uniform arrange- ■ 
ment of crystal atoms. If an intrinsic semiconductor het
erojunction is considered, two questions can arise: (I)
At what temperature can thermal equilibrium be obtained 
[42] so that the Fermi level lines up to give the re
quired built-in voltage at the junction, and (2) Will the
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voltage drop in the two regions across the junction be so 
high that it produces heat, which is not desirable.

Both questions suggest use of moderate conductivity 
semiconductors at the temperature at which the device is 
to be used. If the device is to be used at room tempera^ 
ture, one should use semiconductors with a small energy- 
gap. The smaller the energy-gap, the higher the in
trinsic’ carrier concentration and - thus the higher 
the conductivity. Therefore, an attempt is made to study 
intrinsic semiconductor heterojunctions on the basis of 
conductivity. Variation of built-in voltage with tempera
ture is also considered in this chapter.

Intrinsic Conductivity
An intrinsic semiconductor is generally an insula

tor at low temperatures and a conductor at high ones, its 
conductivity tending to increase with temperature. This 
occurs because in the intrinsic semiconductor the increase 
in the number of free carriers with temperature far out
weighs the reduction of mobility. The critical dimension 
in the problem of the generation of free carriers in the 
insulator or semiconductor is the size of the energy gap
E compared to thermal energy kT.9
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The conductivity of a semiconductor is given by:

o = q(nyn + php) (35)

where n is the population of conduction electrons and p i s  
the population of conduction holes. yn and yp are the 
mobilities of electrons and holes, respectively. The con
dition of minimum conductivity can be obtained by differ
entiating equation (35) with respect to n :

H  ~ q(un + up iK* ~ 0

- q[Pn ■+ PpHi2 ^- (-)]'- o 

or nyn = pyp is the condition for minimum con-

3 2 aductivity since is positive.

Therefore, minimum conductivity is:

amin = 2 ^ %  = 2IPyp
However, intrinsic conductivity in general is greater than 
the minimum conductivity:

°i = InI 1 lyn + V
Silicon has a band gap of 1.1 eV. and when extremely pure 
has a resistivity as high as 2 x 105 ohm - cm. Germanium,
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with a band gap of 0.7 eV. .in very pure form, has the mod
erately high resistivity of 47 ohm - cm at room tempera
ture. The above discussion of intrinsic semiconductor 
heterojunction devices restricts itself to only those 
semiconductors with an energy band gap of less than ,0.7 eV. 
and thus with moderate conductivity.

Theory of Intrinsic Semiconductor 
Devices

The built-in voltage in intrinsic semiconductor de
vices can be obtained by putting ni = pi ; n% = p% in the. 
Vb h t expression . Therefore,

BHT int
a e V - a e C . 3 M  . .m * h

S i -  + T T  ln tE ^ ). (36)

This is valid for O >tf> . For <p <cp , the expressionmz mi m 2 mi ^
changes sign. Equation (36) is independent of electron 
and hole concentration since equal electron and hole gra
dients exist from narrow-gap to broad-gap semiconductors. 
Carrier concentration is plotted in Figure 40.

The built-in voltage of intrinsic semiconductor
heterojunctions is a function of energy discontinuities

’(A Ec ,A Ê .) and effective masses. Referring to the previous 
arguments it can be stated that energy discontinuities in
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n,p cm-3

Egi = n ip i
n i = pi

E = n2p2 y 2

n2 = p2

----- >-
Distance

E < Egi 92

Figure 40. Carrier concentration has been plotted for an 
abrupt intrinsic semiconductor heterojunction, 
n i = p i  n2 = p2 .
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the conduction and valence-bands as well as effective 
masses do not change significantly with temperature.
Hence, Vb h t (intrinsic) remains constant over a wide range 
of temperatures. An example follows. .

Example: Consider an intrinsic semiconductor het
erojunction composed of GaSb and InAs semiconductors.
InAs has a band gap of 0.36 eV. ( E ^ ), electron affinity 
Xei = 4.9 eV.
It has lattice constant of 6.058 A°.
GaSb has a band gap of E = 0.68 eV., electron affinity92
X = 4.06 eV. e2
It has a lattice constant of 6.095 A°.
Figure 41 represents energy band diagrams of InAs - GaSb 
isolated semiconductors. It is assumed that effective 
masses of electrons and holes in each semiconductor are 
equal, so that Fermi level lies in the middle of the energy 
gap.

The built-in voltage obtained is 0.67 volts and it 
should be constant considering the above assumptions.

It should be noted that if the choice of effective 
masses is possible, while choosing two intrinsic
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Figure 41. Energy-band diagram of InAs - GaSb, in which 
space charge neutrality is assumed to exist in every 
region at 300 0K .



112
semiconductors, one may choose.

m
m
*
ih55
ah

This reduces equation (36) as follows:
AEv-AEc

BHT int (37)

Equation (37) is valid for d> ><p. . For i <d> , them 2 mi m 2 mi
expression changes sign. As discussed in Chapter 4, it
is not possible to find the exact variation of AE andc
AEv with temperature change, though it is small. It can 
be thus concluded that Vbiit , with the above choice of 
effective masses, is independent of temperature and can 
vary slightly as a result of variation in energy discon
tinuities AE and AE .c v

Devices Using An Intrinsic and 
An Extrinsic Semiconductor

In the section describing intrinsic conductivity, 
it was concluded that only semiconductors with a band gap 
of less than 0.7 eV. will be useful for intrinsic semicon
ductor devices. That is a very small class of semiconduc
tors. Semiconductors that have been developed are Ge, GaSb 
InAs, InSb and PbTe. Considering that matching the lattice
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constant is also required, it can be suggested that a 
narrow-gap- semiconductor with a band gap less than 0.7 eV. 
be used as the intrinsic semiconductor, and a broad-gap 
semicohductor with a band gap more than 0.7 eV. be used 
as the extrinsic semiconductor.

If, however, the intrinsic semiconductor hetero
junction is to be used at a high temperature, then both 
semiconductors can have a band gap greater than.0.7 eV. 
so that the conductivity is sufficiently high, at that 
temperature, due to the thermal generation of the carriers.

Advantages of Intrinsic Semiconductor 
Devices

1. In the case of intrinsic semiconductor hetero
junction devices, the uniformity of crystal lattice is not 
disturbed, as it is when impurity atoms are introduced 
into the crystal.

2. Since no doping is required, the cost of device 
processing.is reduced.

3. The built-in voltage varies only slightly with 
the temperature; with the proper choice of effective 
masses it remains essentially constant. ' It suggests its 
use in producing temperature insensitive device.



Chapter 6

CONCLUSIONS AND SUGGESTIONS .

A new classification for semiconductor heterojunc
tions has been formulated by considering the different 
mutual positions' of conduction-band and valence-band edges.
To the nine different classes of semiconductor heterojunc
tion thus obtained, effects, of different work functions, 
different effective masses of carriers and types of semi
conductors are incorporated in the classification. General 
expressions for the built-in voltages in thermal equilib
rium have been obtained considering only nondegenerate 
semiconductors. Built-in voltage at the heterojunction is 
analyzed. The approximate distribution of carriers near the 
boundary plane of an abrupt n-p heterojunction in equilib
rium is plotted. In the case of a p-n hetero junction, con
sidering diffusion of impurities from one semiconductor t o . 
the other, a practical model is proposed and analyzed. The 
effect of temperature on built-in voltage leads to the con
clusion that built-in voltage in a heterojunction can 
change its sign, in some cases twice, with the choice of an 
appropriate doping level. The total change of energy dis
continuities (AEc + AEv) with increasing temperature has
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been studied, and it is found that this change depends on 
an empirical constant and the 0°K Debye temperature of the 
two semiconductors. The total change of energy discontin
uity can increase or decrease with the temperature. In
trinsic semiconductor-heterojunction devices are studied; 
band gaps of value less than 0 .7'eV. are suggested if such 
devices are to be used at room temperature. Built-in 
voltage in the case of intrinsic semiconductor heterojunc
tion devices varies slightly with the temperature. With 
proper choice of effective masses, the built-in voltage 
remains essentially constant with the temperature. The 
advantages of intrinsic semiconductor devices are dis
cussed. A three-dimensional energy-distance-momentum dia
gram is described; it suggests a change in the wave vector 
of a carrier, in transit from one semiconductor to 
the other. Thus, the probability of transition of a 
carrier across the heterojunction is reduced.

Since device potentials are reduced with the pres
ence of interface states, semiconductor-heterojunction 
device research should be restricted to semiconductor- 
heterojunction pairs with a negligible number of interface 
states present at the junction. It is also suggested that
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practical work should be carried out to verify the changes 
in built-in voltages at higher temperatures and to study 
intrinsic semiconductor heterojunction devices. Finally, 
it is suggested to investigate the possibility of drawing 
E - X - K  diagrams, wherever feasible, since they describe 
the actual process of transport of the carriers.



APPENDIX



Appendix A

3-D ENERGY BAND DIAGRAM

This section considers a 3-D energy-band diagram. 
The 3-D diagram described here is a combination of Energy- 
Momentum and Energy-Distance diagrams. It describes the 
actual process of transition of the carriers at the 
heterojunction.

Quantum-mechanically, one should, in general, de
scribe electron states by quantum numbers, whereas classi
cally, one should use momentum and position components.
In the case of an energy-band diagram, the situation is 
actually intermediate. The validity of a semiclassical 
description of the dynamic behaviour of conduction-band 
electrons and valence-band holes can be discussed, based 
on the use of effective mass.

Energy-versus-distance and energy-versus-momentum 
diagrams are possible. Heisenberg's Uncertainty Principle 
relates quantitatively the lack of precision with which 
the position and momentum coordinates may be specified 
together as,

Ax Apx > h
Ay Apy > h .
Az Ap > hZ —
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Therefore, it is impossible to consider together the pre
cise position and momentum of any single particle.

The energy-versus-momentum diagram can describe the 
momentum of particles with respect to energies. The basic 
properties of the semiconductors are classified according 
to this diagram. This diagram distinguishes direct and 
indirect semiconductors. According to Heisenberg's 
Uncertainity Principle, it is not possible to know the 
position of particle by means of this diagram.

The energy-versus-distance diagram is the most 
common diagram used to describe the behaviour of homo- 
junctions and semiconductor heterojunctions. Changes . 
across a homojunction are well described by this' dia-- 
gram, since the same semiconductor exists on both sides of 
the junction; In the case of heterojunctions, however, 
the energy-versus-distance diagram lacks certain infor
mation that can only be described by a 3-D diagram.

E - X - K
In the energy-distance-momentum diagram, the three 

vectors are assumed to be mutually perpendicular as
follows:
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Thus, the energy-versus-distance and the energy-versus- 
momentum diagrams are superimposed, Though both E-K and 
E-X are independent, both momentum and position, can be 
known approximately simultaneously.

E - X - K  show that as the electron goes from one 
semiconductor to the other, there must exist a change of 
the K vector together with a change in energy. Usually

TlZ
there exists a change in mass (m* = -p-g") 1̂ue to a change

SKt
in the energy-momentum structure of the two semiconductors 
It can be.said that when an electron changes its energy, 
while transporting to the other semiconductor, it also 
changes its momentum but exactly where the change occurs 
cannot be said, according to the Heisenberg Uncertainty 
Principle.

Figure B represents a 3-D energy band diagram of 
two direct-gap semiconductors.

Figure B shows that in order, to conserve the K 
vector, the electron in the transition needs some
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scattering agent such as a phonon or i m p u r i t i e s T h u s , 
the probability of transition is reduced and the process 
is an indirect one. The E - X - K  diagram describes the 
actual process of transition and helps understand hetero
junction better..
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Appendix B

CHANGE OF TOTAL ENERGY 
DISCONTINUITIES (AE +AE )C V

The usual practice for expressing the temperature 
dependence of E^ has been by a linear variation given as

Eg = Eg (O) - bT. (B-I)

where Eg (O) is an energy gap extrapolated to 0°K, b is an 
empirical constant evaluated near 3000K and T is the ab
solute temperature.

The general form of the energy-gap temperature 
dependence is given by Varshni [32]

E = E (0)g g
C tT2
(T+f3) (B-2).

where E (O) is the energy gap at O0K, 6 is approximatelyg
the 0°K Debye temperature 0, and a is an empirical con
stant. This was proposed by Varshni on the basis of 
theoretical considerations by Vasileff [43] and Adams [44]. 
Vasileff considered the shift of the band edge by electron- 
phonon interactions, and this calculation led Varshni to 
suggest that Eg should vary linearly with temperature for 
T >> 0, and quadratically with temperature for T << 0..
Adams points out that Vasileff * s theory fails for the
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usual semiconductors but agrees with Vasileff1s conclusion
on the temperature dependence of band edge. Equation (B-2)
supports the concept that variation of the energy gap is
largely due to electron-phonon interactions rather than
thermal expansion. Equation (23) describing temperature
variation of total energy discontinuity based on equation
(B-2) can be used to predict the total change of energy
discontinuities [AE + AE ],c v
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I. Ge-GaAs heterojunction is studied, following

data is given [32,33].

Table I. Change in Discontinuities With Changing Tempera
ture for Ge-GaAs heterojunction.

E = 1.5216 (GaAs) giE = 0.7412 (Ge) g2 _4 ai = 8.870 x 10
a2 = 4.561 x 10 4
31 = 572.00
32 =  210.0

Temp (0K) Discontinuity in eV.
Ia e + AE )C V

100
200

0 0.7804
0.7819
0.7789

500
600
700
800
900

iooo

300
400

0.7693
0.7540
0.7341
0.7106
0.6843
0.6556
0.6251
0.5930

decreasing



126
2. Si-GaP heterojunction is studied, following 

data is given [32,33].

Table 2. Change .in Discontinuities With Changing Tempera
ture for GaP-Si heterojunction.

Egz = 2.338 (GaP)
E = 1.1557 (Si) 92 -4ct i = 6.2 x 10
az = 7.02 x 10 ^
Bi = 460.0
■ B2 = 1108.0

Temp (0K)

0
100
200
300
400
500
600
700
800
900

1000

Discontinuity in eV.
(AEc + AEv)

1.182
1.177
1.166
1.154
1.141
^ ^  decreasing
1.12
1.111
1.103
1.096
1.091



3. Ge-Si heterojunction is studied, following 
data is. given [32,33] .

/
Table 3. Change in Discontinuities With Changing Tempera

ture for Si-Ge heterojunction.

E = 1.1557 (Si) y 2
E . = 0.741200 (Ge)9 1 _4a i = 7.021 x 10
bt2 = 4.561 x 10 ^
Si = 1102.
Sz = 210.

Temp (0K)

0
100
200
300
400
500
600
700
800
900

1000

Discontinuity in eV. 
(AEc + AEv )

0.414
0.423
0.437
0.4499
0.459
0.4655
0.46 8
0.469
0.467
0.463
0.457
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