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ABSTRACT

Characterization of [sotype Hetﬁrnjunr:tions by Capacitance-voliage

Carrier Concentration Profiling
by

Dubravko Ivan Babic

At an isotype heterojunction, the offset in the majority carrier
band edge causes the formation of an electric dipole at the interface. The
dipole consists of majority carriers, accurnulated in a narrow region adja-
cent to the interface on the noich side of the heterojunction, and of the
uncompensated fixed charge of ionized impurities on the depleted side of
ihe barrier. Charge neutrality requires that the sum of accumulatad
charge, uncompensated charge in the de.pletic:-n region, and any interface
charge, equal zero.

C-V carrier concentration profiling through such a heterojune-
ton from an adjacent Schottky barrier is potentially a good method for
cetermining the band offset AF and any interface charge density o;.
2lthough the measured apparent carrier concenlration profile differs

siznificantly from the true carrier distribution, due to Debye length

iv



eraging, the extraction of AEF and o; from the measured profile by

m

miegration is possible, because both the total charge and the first moment
= the true carrier distribution are conserved in the profiling process.
Using the model for C-V measurement on isotype heterojunctions
cescribed by Kroemer and Chien, and the extracted values of AE and o;,
the apparent profile can be reconstructed by computer simulation and
compared to the measured one.
The presenl work concentrates on some topies connected with
determination of the band discontinuity of isotype heterojunctions by

—-"‘-ﬂ
-

Z-V carrier concentration profiling:
A method for determining the position of the hetersjunction inter-

face from the apparent profile is discussed.

) The abrupt variation of the dielectric permitiivity at the interface
is incorporated into the interpretation of the C-V data.

i) A treatizse on profiling through a hetercjunction by using a PN-
junction rather than a Schottky barrier is given, along with a sim-

ple algorithm for the correction of profiles obtained in such a way.
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1. Intreduction

The band offsets appearing at a heterojunction (HJI} interface
zre essential design parameters for new heterostructure devices. The con-
cuction and the valence band discontinuities, or graded band variations,
=ct as polential barriers for electrons and holes. Carrier confinement or
==oaration, achieved by ulilization of this phenomencn, has laid grounds
Zor new devices which outperform conventional homojunction devices.
=cme of the present applications of Hls are Heterojunction Bipeolar Transis-
—or= [1,2], High Electron Mobility Transistors [3,4], Hetercjunection lasers
= znd Light Emitting Diodes [6].

For practical application of Hfs in device design some quanti-
“=ive predictions of band offzets between two semiconductors are needed.
2l=ch theoretical work has been done on this problem. The oldesi and still
w-ce=ly used band lineup rule is Anderson's Electron Affinity Rule [7],
zccording Lo which the conduction band disﬁontinuity should Equal_the
Z=iSerence in electron affinities of the two semiconductors. A better
—==cription of the band lineup is given by the Frenzsley-Kroemer Pzeudopo-
~=cuizl Theory [8]. Currently, the most accurate predictions of band line-
== =zre obtained by Harrison's Linear Combination of Atomic Orbitals
“==orv [8]. Yet, a fully dependable theory has not been developed up to
=—w% furthermore, the unreliable experimental data make it more difficult

== werifly the theoretlical predictions.



Several experimental techniques have been used for the deter-

mmination of band discontinuities:

i)
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X-ray photoemission spectroscopy (XPS) [10] has been used to meas-

ure the valence band discontinuity of some heterojunctions [11].

The most widely quoted measurement of valence band discontinuity
was done by infrared absorbtion spectroscopy on (4l,Ga)ds/ Gads
multiple quantum wells, by Dingle [12].

The current-voltage (I-V) characteristics of pn-heterojunctions may
give gualitative information about the band lineup, if the lineup is
zuch that the characteristics differ drosiicolly from those of homo-
junctions. If the band lineup is not such an unusual one, the I-V charac-
teristics may also be substantially changed by the presence of any

interface charge.

There are two fundamental capacitance vs. voltage (C-V) techniques
[13] for determining the band offsets; the intercept method and C-V
carrier concentration profiling method. Both of these metheds will be

described in the fellowing paragraphs.



2. Capacitance methods for determination of the band ofiset

2.1. Theintercept method

This is a method for determination of the built-in voliage of
gither homojunctions or helerojunctions. It is basically a measurement of
the reverse bias capacitance of a pn-junction as a function of voltase. If
both sides of the junction are uniformly doped, then 1/ C® is a linear func-
tion of the applied voltage (Figure 1), with a slope that is related Lo Lhe
electron and hole concentrations on both sides of the junction [Ili!,.itppen—
dix A]. If it were possible to increase the applied voltage into forward bias,
one would eventually re Eu:i'l a voltage at which 1/ C? intercepts the horizon-
tal axis. [n practice this is not possible, because of the interference of the
forward bilas current and the diffusion capacitance. The point of intercepl
is therefore found by extrapolating the 1/ C* data points from the region of
reverse bias, into that of forward bias, as shown on Figure 1. The voltage at
which 1/ C® becomes zero is called the intercept woltage. In the case of a
homejunclion, the intercept voltage [14,15] equals to

Vmi = Vbi -2 Ir:q—r {El}

Here, V; is the built-in vollage of Lhe pn-junclion, given by
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Fig. 1 A plot of 1/ C® for a PN-junction with both sides uniformly

doped. Extrapolation of data points into forward bias to find
the intercept voliage is shown by the dotted line.
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g Vbi = Ey — kT 1In

where £; is the width of the forbidden gap. The doping levels on the n and
p side of the junction are dencted with Np and N, The effective densities
of stales in the conduction band and the valence band are denoted with Ng

and J'"'."_'_lr.

For a pn-heterojunction the intercept voltage is also given by
(2.1), but the built-in voltage has a different value. From Figure B-1 in
Appendix B,

Ny N,

g Vo = Epp + AEp[p-n | — kT In NN,

(2.2)

Here E, is Lhe bandgap of the p-iype semiconductor. The conduction
band discontinuity AFq[p-n | is taken posilive il the conduction band has
a step upward in going from the p-iype towards the n-type sermniconductor.
( See Appendix B ).

From the equations (2.1) and (2.2), with known semiconductor
parameters and measured V,,;, one can calculate the conduction band
discontinuity AFe.

The disadvantage of this method is that the inlercept vcliage
strongly depends on the presence of any interface charge. The interface

charge with surface density o; and of any polarity will decrease V,; by
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( See Appendix B.)

Inasmuch as the result of the measurement is only a single
number, namely the intercept voltage, a separaie determination of band
offset and the inierface charpe density is not possible. However, the
influence of the inlerface charge on the inlercept voltage can be
significantly reduced by using very high doping on one side of the Hi. Meas-

urements on such pr-heterojunclions have been performed [16].

For an accurate determination of the band discontinuities, one
needs to employ a method that is either independent of interface charge
or is capable of evalualion of the interface charge density independently
from the band offsel. The band offsel determinalion using C-V carrier con-

centration profiling accomplishes this goal.

2.2. G-V carrier concentration profiling

The capacitance method for band ofiset determinatlion by C-V
carrier concentration profiling was first outlined by Kroemer ef ol [17]. It

iz uzed exclusively for isotype heterojunctions.

The struciure used is shown on Figure 2. A depletion layer is

generated oulside the HJ, most often by using a Schottky barrier, and its

Lhickness is varied by changing ¢ 1e reverse bias in such a way that the



edge of the depletion passes through the HJ. The C-V data are then used to
find the carrier concentration profile * and from there the built-in valtage *
and the interface charge density ® of the HJ. Measurements of band

discontinuities have been performed using this technique [17,18,19,20].

This dissertation is devoted to the problems that occur in
application of the C-V carrier concentration prefiling method in determin-

ing the band offsels of isotype Hls.

* The explanation will be given in section 3. L
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Fig. 2 The structure used for C-V profiling through isotype heterc-

junctions using a Schottky barrier



3. The C-V carrier concentration profiling theory

C-V carrier concentration profiling on isotype heterojunctions
is most cormmonly periormed using a depletion layer generated by an adja-
cent Schottky barrier (SB). With a change in reverse bias on the 5B, the
edge of the depletion layer varies along an interval inside which the HJ is
located (See Figure 2). The real depletion edge is not abrupt, asz it is
assumned in the depletion approximation, but falls off gradually with a
characteristic length, the Debye length [21,22]. Therefore, in a uniformly
doped semiconducter, the charge distribution depleted by each amall vol-
tage step is bell-shaped [21,Appendix A]. The apparent thickness of the
depletion layer z in Lhe deplelion approximation is, :'Ln.fact, the center of

the depleted charge distribution. The thickness Z can be found from the

measured capacitance:

E:E—_. ' (3.1)

The appareni free carrier concentralion 7, al position Z, is delermined [

See Appendix A | by the conventional C-V profiling formula:

—

The apparent profile is thus constructed from the set of pairs of numbers,
7t and Z. If the free carrier concentration n(z) varies significantly cver a

distance of the order of one Debye length, the Lrue n(z) is averaged locally
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over few Debye lengths, to form the apparent profile 7(z) [23]. This effect
is especially pronounced in profiling through heterojunclions, because of
the large carrier concentration gradients around the inlerface. In the ecase
of uniformly doped semiconductar [22], 7(Z) equals n(z).

Even though ®(Z) and n(z) may differ significantly, it can be
shown that the amount of charge and the built-in electrostatic potential
difference of the charge distribution are conserved [21]. This makes possi-
ble the extraction of the band offset AF of a HJ from Lthe apparentl profile,

by means of numerical integrations.

3.1. Band discontinuily delermination

The struecture generally used for profiling through isolype Hd's,
consists of two layers: Lhe "subsirate” and the "epi-layer’, which form a
heterojunction at = = x;, as shown in Figure.2. The position variable is
taken with respect to the position of the SB. All constantis corresponding
to the epi-layer, i.e. the layer inside which the depletion is first formed, are
here given the subscript 1. The subscript 2 is given to the constants of the
substrate.

For the given structure, with a n—N hetercjunction and a
Schottky barrier, the conduction band discontinuily can be found [17],

irom
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&.Eg[i%—)l]:g;j-[ﬁ(sc]—ﬂf[m] (z—=z; ) dz +F:T]n[m (3.3)
0

N 1 _,!.'I,urt-: o

Here N(z) is the doping profile, assumed to be known and Lo become con-
stant far away from the HJ. ¥, and N, are the asymptlotic values of the

doping levels in the epi-layer and substrate.

If the majority carrier band edge has a step upward when
going from the substrate towards the epi-layer, the band offsel AF, is
counted positive in (3.3). This convention was chosen because it
corresponds to a posilive conduction band offset for the case currently of

greatesl interest, an n-type (4L, Gz )4s epi-layer on a Gads substrate.

Using a computer program Lhat simulates C-V profiling on iso-
lype heterostructures, the effect of AE variation on the apparent preiile is
observed. Figure 3 clearly illustrates Lhat a change in the first moment of

the charge distribulion takes place when the band offset is varied.



1=

- N,=

3.6X10'%cm -3

carrier concentration cm™

a HJ
b r’/
c
d -
e N.=5.4X107%cm -3
186
=10 | |
0.1 0.2 0.3 0.4pm
Fig. 3 Apparent profiles through an imaginary heterojunciion with

N1=3.510%em ™3 and Np=5410'% cn™3, The band offset is
the parameter. The values are (a) 100, (b) 120, (¢) 140, (d)
160 and (e) 180 meV.; The position scale indicates the dis-
tance from the Schottky barrier.
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3.2. Determination of the interface charge density

Interrupted growth, or accumulation of impurity atoms during
growlh of the substrate layer, may cause the appearance of a charge layer
at the interface [24]. The layer may be treated as if il were infinitesimally
thin, and ¢; taken as an interface charge density. The extraction of g; from
7(Z) can be done by numerical integration, because the charge has been
conserved in the transition from n(z) to ®(Z). The condition of charge

neuirality in an 7 —N heterojunction yields

o; = ,{m[ﬁ(mJ-N{xl dz . (3.4)

The typical interface charge densities found in this way are in the range of
1019 — 10" crn™2 [17,18,19]. Simulated apparent profiles for a set of
different o;'s are shown in Figure 4. It can be seen Lhal, for high interface
charge density, the accumulation or the depletion can be enhanced to an
extent that the whole heterojunclion profile becomes a pure accumulation
or depletion profile. The difficulties in the extraction of AL and o; arising

from large interface charge, are discussed in Seclion 5.

3.3. Application to ptype semiconductors

The above formalism, developed for m—N hetercjunciions, can

be applied to p—F heterojunctions bg}' changing the following variablez: The
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apparent electron concentration 7(z) should be replaced by #(z), the
apparent hole concentration. Similarly, the donor doping profile N{z)
should be replaced by Pz}, the acceptor doping profile. In the place of the
effective density of states in the conduction bands Ngy, Nge one should use

the effective density of states in the valence bands Ny, Vs, respectively.

When using a p-type material, a positive interface charge den-
sity (3.4) represents the density of negative, acceptor-like, interface
charge. The rule for the sign of the conduction band discontinuity, given of
an n—N heterojunction, holds for the valence band discontinuity AEy, as

well,
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0.2 0.3 0.4 pm

Apparent profiles through an ima%inar}r heterojunction with
N;=3510%cm™ and Np=5.410"® orn™®. The parameter is
interface charge density o;. The values are 5, 1, —1, —3 and
—510 em %, for curves "a" through "e", respectively. The
cchotiky barrier is placed at z = Oum.
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4. Carrier profile generation

The apparent carrier conceniration profile, obtained by C-V
measurement through a HJ, reveals three characterislic regions. Shown in
Figure 3, the outermost flat portions represent the doping levels in the
substrate (right) and in the epi-layer (left), while the middle part is a
feature of the carrier distribution around the interface. A uniform doping
profile on each side of the HJ is required for simple interface characteriza-
tion, even though non-uniform doping can be taken in aceount, if the varia-
tion is known throughout the region of interest. In this work, we deal with

uniformly doped substrate and epi-layer, for simplicity.

The formation of each part of the apparent profile during the
measurement is presented below. It is assumed that the HI barrier is
sufficiently small thal it does not seriously impede the A.C. flow of carriers

during the capacitance measurement.

The measurement is started by apply‘f_ﬂg.a small D.C. voltage to
the SB. l'or the range ol voltages for which the depletion is nol large
enough to affect Lhe HJ carrier distribution, the carriers being depleted
come only from the epi-layer, hence the measured 7i(F) equals the epi-
layer doping concentration, V.

By increasing the voltage, the depletion reaches the HJ and

induces simultaneous depleting of carriers irom the accumulation region

and from the edge of the depletion regilon around the interface. The
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apparent carrier profile is being generated by averaging of the true carrier
distribution. The resolution depends on the magnitude of the Debye length.
The characteristic accumulation and depletion regions around the hetere-

junction are observed in the apparent profile.

For a sufficiently large bias voltage, most of the carriers being
swepl away come from the substrate. The HJ is assumed to be all depleted,

hence the doping concentration in the subsirate is being measurad.

The data oblained by measurement can now be used to extracl
AE and oy, using (3.3) and (3.4). In order to perform an accurate integra-
tion, both doping levels, N; and s, have to be known. This means that the
measured profile has to flatten out on both sides of the HJ, as shown in Fig-

ure 3.
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5. Interface-localing

In order to determine the interface charge density o; and the
band discontinuity AF, using (3.3) and (3.4), one needs to know where the
heterojunction is located, thal is, Lthe value of z;. The shape of the apparent
profile should provide Lhe mosl relevanl data, but unfortunately, there is
no feature in the apparent profile that firmly indicates where the interface
is located. Note that the true carrier concentration peaks at z;, whereas
the aceumulation peak in Lhe apparent profile does not colneide with z;.
An example of a profile from which it would be very hard to locate the
interface is shown on Figure 4 with the letter: "e", where a large negative
interface charge has repelled all the iree carriers around the heterojune-
tion.

One can esfimafe Lhe interface position from the apparent
profile by knowing in what region the interface is usually located with
respecl Lo the accumulation peak and the depletion valley in the apparent
profile. This region cﬁn be delimited by using the computer-recenstructed
apparent profile of a simmilar heterojunction, on which the relative paosition
of the interface to the whole apparent profile can be gbserved. The rela-
tionship can now be used to estimate where the interface should be located

in the measured profile.

Using the first estimated z;, the tentative extraction of AF and

7; iz performed. What showld hove begen the apparent profile is then recon-
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structed on a computer, using these obtained data and compared with the
measured profile. A further improvement of the z; estimalicn may be
obtained by comparing the measured and the reconstrucled profiles and
eventually correcting the initially assumed inlerface pesition.

The error introduced by using an inaccurale z; can be related
to the doping levels and the interface charge density. Let z;" be the
assumed and z; the true interface position, such that ;" ==z; + Az; (Figure
5) The band offset and the interface charge density obtained by using z; ~
in (3.3) and (3.4), are denoted with o; " and AF", respectively. From Figure

5 we find that o; " is given by

z " =
o' = [ (mla) =M )dz + [ (7(2) —Np)dz,
e

LHFs + (4HH'TE_N1}4&-E.£. (51]

The band discontinuity AE" is then given by

-1
e 2 .
AB, =ga—£{ﬁl':m]—_-"h?1](x—’—’fi Jdz +

2 No N
g = - i ? RAEY
el S (R(z) = Ng)(z —z" )dz + kTIn NN

;
Ty

which, when integrated, yields
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2
MEe" = A = T{(Np— Ny)Az%/2 + 0, A, | (5.2)

It can be seen, from the above relations, that a large depletion-lorming
interface charge, not only reduces the accuracy in determining z;, but also
increases the sensitivity of AE to any misplacement of the interfacs. On
the other hand, if the accumulation is enhanced by large oy, the delermin-
ing of Lhe interface position is made even simpler, as seen from the profile

"a" in Figure 4.




apparent carrier concentration
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A hetercjunclion apparent profile with the Lrue interface
posilion denoled with z;. The assumed interface posilion is
denoted with z; "
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6. Effect of dielectric permittivity variation at the interface

Until now, carrier concentration profiling through a heteros-
tructure has been performed neglecting the fact thal the dielectric per-
mittivity varies abrupily across the interface. [ the difference between
the two dielectric constants is significant, equations (3.3) and (3.4) are no
longer applicable, because they were derived under the assumplion that ¢
iz uniform throughoul lhe profiled region. A correct appreoach Lo C-V
profiling through semiconductors with position dependenti-dielectric per-

mitiivity is presented here.

6.1. Profiling through a semiconductor with arbitrary =(x)

Consider an n-type semiconductor wilth non-unifarm doping
N(z) and non-uniform dieleclric permittivity e(z). A Schotitky barrier is
formed at the surface, as shown on Figure 8. The vollage acrass the deple-
tion layer is sufficiently large, so that all of the carriers near the SB have
been depleted, n(0) =

A small change in the voltage at the 5B will depiete an incre-
mental charge distribution An(z ). The total amount of charge depleled and

the magnitude of the voltage increment are given by
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N(x)
n(x)
X
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Fig. 6 Non-uniform doping profile and dielectric permittivity of an

n-type semiconductor.
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AQ = q{&n(z]dz

n(y)dy . (6.1)

o

The capacitance is € = AQ/AV.

In order to simplify the integrals in (6.1), we introduce a set of
new variables. The reason is to reduce the problem of profiling through
non-uniform dielectrie permittivity sermniconductor to the much simpler
and already-covered case of profiling through a semiconductor with uni-
form dielectric permittivity. The carrier concentration related wvariables,
n(x),An(z),N(z) and Np(z), are defined by scaling with &(z )/ &, , where &g,
iz a reference value of the dielectric permitiivity, assumed to be uniform

everywhere in the semiconductor. The new variables are given by

(A = E—r‘(z)n{z Mn(N) = —e(z)an(z), (6.2)
pN = Le@NE),  ne) = —e@Ve(@).  (6.9)

Here 7 is the effeciive carrier concentralion, p the effective doping profile
and 7, the scaled value of the effective density of states in the conduction

band. The position variable & is defined via

i) | DO Lo
dA =g, =75 A su{ o (8.4)

[t is assumed that the position variation of the dielectric constant is

knowr, so Lhal A can be expressed as a funclion of =, therefore all the new
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effective variables (6.2}, (6.3) can be written as functions of A.

The amount of charge depleted by a small voltage step and the
magnitude of this voltage step are found from the effeclive carrier distri-

bution by

AQ =g [ an(N)da, AV = ELf An(A) A, (6.5)
w 0

The introduced set of eflective variables is sufficient to
describe electrostatic phenomena in a semiconductor. The Poisson equa-

tiom,

L 2(z) 2= g (n(z) - M),

ean, by introducing (6.2), (6.3) and (6.4), be written as:

2
L= () = ). (6.5)

where 77(A) is given by:
7n(A) = nel(h) exp ( ﬂ;ﬁ)—]- (6.7)

The equation (6.8) is in facl Lhe true Poisson equation of a sem-
iconductar with uniform dielectric permitiivity equal to &, , where the dop-
ing and the carrier concentration are equal to p(x) and n(A). The position

variable is denoted with A Every sof"ution of (6.6) and (6.7} for n{A} with a
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given voltage as a boundary condition, contains the solution of the Poisson
equation in the semiconductor with non-uniform e at the same voltage,
because the variable transformations (6.2), (8.3) and (6.4) by definition
conserve the total charge and the valtage. The theory, developed ifor
profiling through semiconduclors "r'lu"l:.th uniform dielectiric permitiivity, can
now be applied in treating non-uniform permittivilty problems by employ-

ing the above described variable transformations.

The capacitance, C = AQ/ AV, is given by

}ﬁn(h]hdl |
. | ‘L e (6.8)

O £ £
= fﬂn(h]dh *
0

where A is the average value of A iram now on referred Lo as the epparent

effective posifion of Lhe depletion edge.
The apparent effective carrier concenirafion is then defined

by

-3
= e T
AR = = ‘:ﬁz{ Clgl} . where A= ——. (6.9)

From equations (6.9) it is evident Lhat 7(}) is what is truly determined in

the measurement of the carrier concentration by C-V profiling.



27

6.2. Application to isotype heterojunctions

Consider an n-=N heterojunction with a conduction band
diagram shown in Figure 7, and the true carrier distribution and doping
profile shown in Figure 8. The epi-layer and the substrate have uniform
dielectric permittivities equal Lo &, and &g, both sides of Lhe helerojunetion
are uniformly doped, hence there is an abrupt step in both the dielzelric
permitiivity and the doping profile at the interface. A measured apparent
effeclive carrier concentration profile of such a helerojunction is shown in
Figure 9.

Inasmuch as the variable transformatlions, described in Sec-
tion 6.1, conserve the total charge and the voltage, the band discontinuity
and the interface charge density determined from the equivalent uniform-
dielectric-permittivity profile will in fact be true for the non-uniform =(z)

case as well. Therefore, o; and AE are given by

o, = ¢ jﬂ-iﬁ(h] — w(A) }dA, (6.10)

and

2 = [
MFg—{(ﬁ(;«}mm;’\nm-:xijmhec;rﬂ (6.11)

u

Here A; is the position of the interface, ; = A(x). For the case with an

abrupt step in the dielectric permittivity at =;,
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M= ey ey (8.12)

The asymptotic values of the effective doping profile on Lhe lwo sides of the
HJ are denoted g, and ws. The conduction-band-densities of staies in the
transformed variable system are denoted with 1,y and 7npe for the two

semiconductors.

With the above presented approach we have the means Lo
evaluate the interface charge densily and the band discontinuity taking
into account the variation of the dielectric permittivity across the HJ

interface.
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Fig. 7 The conduction band diagram of an n—/N helerojunction.
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Fig. 8 The free carrier distribution and deping profile of the hetero-
junction with band diagram shown on Figure 7.
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apparent effective
carrier concentration

Fig. 8 A typical apparent effective carrier concentration profile
through a heterojunction. The position of the interface is
denoted with A; and the SB is placed at A = 0.
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6.3. Practical application

To apply the integrals (6.10) and (6.11) in practice we need to
make clear how to determine wu{A\) and A; from the measured apparent

effective profile.

We consider an abrupt heterojunction with a doping profile
that becomes uniiorm on both sides of the junction, far away from the
interface. From the definition of n(A) and p(A) it is evident that in the neu-
tral regions, sufficiently far away [rom the HI, n(x) will become equal to
p{A). Therefore, the asymptotic values of the effective doping w, and p; are
given by the carrier concentrations n{A\) in the ﬁat-portions of the meas-
ured effective profile. The relations between wu; and p» and the true doping

level (See (6.3)) are given by

i E2 .
fhy == i S 2R (6.13)

Ea Eq

The dieleciric permillivity assumed in the measuremenl is equal Lo &g,
The scaling laclors &, 5/ &, are a result of profiling through a semiconduec-
tor with dieleetric permiltivily different from the one assumed in the cal-
culation of the apparent carrier concentration (6.8). If the true doping lev-
els need Lo be evaluated from the apparent profile one has Lo correct the

measured value of 1 Lo oblain & by making use of (6.13).

IL is important to note that up to now there has nol bezn any
L
constraints on the value of the reference dielectric permittivity £,. In
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profiling through heterojunctions the two imrnediate choices for £, are
either &£, or £z There is a significant advantage of selling &, equal to £,
that is, to the dielectric permiltivily of the layer closest to the 33: Only in
that case A; will be equal to =; {Se.e eq. (6.12)), and the melhod for deter-
mining the interface posilion, described in Section 5, will vield the actual

interiace position.

[t is evident now Lhat the conventional interpretation of the C-
V data has, in fact, been giving accurate resulis for o; and &E even in the
case when there is an abrupt variation of the dieleciric permittivity al the
HJ interface. However, the inlerface position was being determined accu-
rately only when the assumed reference dieleclric permittivity was taken

equal to &4,
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7. Heterojunction profiling from a pn-junction

7.1. The problem

Somelimes €-V pmﬁli_n_g is done using Lhe depletion layer of a
reverse biased pn—junction (See Figure 10) with one side doped much
higher than the other. The apparent d}apleliorl layer thickness Z,, deler-
mined from the capacitance, iz then a sum of the depletion laver

thicknesses [ Appendix B | on the n and the p side,

= Egn = B + T, (7.1)

|

The interpretation of the apparent carrier concentiration 7ig,,
calculated using (3.2) from the measured C-V relationship, is conceived by
differentiating the 1/ C® vs. ¥ relation of a pn-junction with respect to vol-
tage. The 1/ C® relationship is given with equation (B.11) in Appendix B. The

differentiation yields

T g (72)
Here § and i are the apparent earrier concentrations on the p and n side.
IL is evident from equations (7.1) and (7.2) that, the apparenl position and
carrier concentration measured in profiling from a pn-junction, do not
correspond the actual apparent profile through a heterojunction and they

should not be used to extract thelband discontinuity and the interface



charge.

If the doping level of one side of Lhe junction, for example, the
p-side, by far exceeds the highest apparent carrier concentration in the n
zide, 1/P will be negligible compared to 1/# in equation (7.2) and the
measured carrier coneentration 7, will then be approximately equal to
the apparent carrier concentration @ on the n side. Due to high doping on
the p side, the deplelion thickness %, becomes negligible compared to %,
in equation (7.1}, The p™n-junction generated apparent profile can, there-

fore, be treated as if it were obtained by profiling from a SB.

The effects of profiling from a pn-junction, with bath sides
moderately doped, are demonstrated in Figure 11, by means of computer
simulation of profiling through an n—& hetercjunction. The apparent
profile "a" was obtained by profiling using the Schottky barrier and the
rest of the profiles, using pn —junctions with various uniform doping levels
on the p side. The horizontal position as well as the overall shape of the
apparent profile are affected. It is readily visible that the band offset and
the interface charge densily determined from the profile "d" would not be
correct, because the accumulation in "d" has decreased with respect to
the one in curve "a", while the depletion has remained almost unchanged.

To obtain accurate resulls, the apparent profile "d'" must be corrected.
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Fig. 10 The structure used for .C-V prefiling through isolype hetero
junctions from a pn-junction.
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HJ
1015
I r | | |
.2 4 .6 8
Fig. 11 Simulated apparent profiles through an N —n heterojunctiocn,

assuming AF, = .383eV and o; =0. (a} Using a Schatiky bar-
rier. (b) Using a pni=junction with the p side doped to

N, = 1018 em =3, (c) Ny =3. 10" ern ™ and (d) Np = 10Y7 o2,
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A simnple algorithrm that uses an apparent profile obtained by a
pn—junction and generaies a profile that would be obtained by profiling

through the zame structure from a 3B, i=s presenied below.

7.2. The correction algorithm

Consider a W—n heterojunction which, instead of a Schotiky
barrier, has a pn —junction with the metallurgical interface at the same
position (See Figure 10}, Let M, be the constant doping of the p side. The
apparent depletion edge position and the apparent carrier conceniration
are given by (7.1) and (7.2):

Sitgivesn by

1
TTpn (fpn] _!"Jp T_T' (jn. } i

B = B, 4,

From known 7ig, [fm] profile and N, we need to find the actual heterojunc-
tion profile T(z, ).

The apparent position Z, on the n side can be determined
from the measured %, and #,,. Every vollage incremenl &l Lhz pn-
junciion is geing to increase the total depletion Lhickness Z,, by 4T,

where

AF, = AF, + AT, (7.3)

The increments in depletion depths on p and n side are denoted with A%,
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and AT,. The amounts of charge depleted from each side of the junction

have to be equal, due to charge neutrality.

g N, AZ, = q (%, ) AZ,. (7.4)
From (7.2),(7.3) and (7.4) follows an expression for the position increment

on the n side as a function of the measured overall thickness incremeant:

Az, = Az, (1 — E’“ﬂ} (7.5)

N,

The position £ = Z,, iz found by summing all the increments:

T S N N (7.6)

The integration constant E, is the apparent depletion depth on the n side
at which the profiling was started. The starting position on the measured
profile is taken in the neutral part of the epi-layer and denoted with T, If

it is possible to assume that 7, (Z,,) is uniform and equal to N, in the

region between z + 0 and T, g {kfﬂn). then Z,; can be found by using

(7.7)

This formula was oblained by using (7.1) and (7.2).

If the study of the interface is the chjeclive, any value of Z,9

may be used. The arbitrariness only introduces a shiit of Lhe reconstructed

profile along the horizontal axis.
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In Figure 12 Lhe method is illustrated by means of computer
simulation. The profile "a" is obtained by profiling [rom a Schotiky barrier.
The apparent profile of the same structure obtained by using a
pn —junction which has the p side doped lo N, = 107 em ™3, is shown by the
curve "b". The result of the restoring algorithim is shown by the curve "c".
Except for an ( intentionally introduced ) shift, the two profiles "a'" and "c"
are almost identical, validating the method presented above. Integration of

a restored apparent profile finally gives accurate values for AF and o;.

The presenled method is convenient because the correclion of
T @nd T, can be done at the same time when integration for AL and o;
iz performed, since the true doping levels in substrate and epi-laver can be

determined in advance by using (7.2) and used in (3.3) and (3.4).



Fig. 12 ‘Apparent profiles through an N-n heterojunction (same as
in Figure 11}: (a) I'rom a Schottky barrier. (b) From a
pn—junction with N, 7107 em ™2 i.e profile "d" in FIG. 4. (c)
Corrected profile "b".
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8. A problem in experimental band offset determination

Very often the extracticn of the band offset by integration of
the appareni profile will not give accurate results due to hidden doping
non-uniformities around the HJ or theé presence of deep levels in the sem-
iconductor [25]. The lormalism for determinaticn of the band discontinuity
and the interiace charge density, presented in the previous seclions, was
carried out under the assumption that there are no deep levels and the
doping profile is uniform on both sides of the HJ. Here, we want io present
an example of how these non-idealilies of a real heterosiructure influence

the hetercjunction apparent profile and band discontinuity determination.

A structure was designed in order to experimentally determine
the valence band discontinuity of an 4l ;Go »4s/ Gads heterojunction. (See
Figure 13). The substrate was heavily doped n*—GCods, on top of which a
0.1 g thick buffer layer of m —Gads, Si doped lo 2x10% em ™3, was grown.
A n¥p-junclion was formed on top of the buffer layer by growing p —Gads,
Be doped to 5%10'% em™® and 06um thick. By growing 06um of
P—Ai 2Ge -4s doped with Be to 3x10'® em™, a p—F heterojunctics was
formed. A layer of aluminum was deposited "in situ” to form the Schottiky
rontact and eiched to form dots needed for capacitance measuren:ents.
This structure was intended for profiling through the HJ from two sides,

that is, [rom the SB and from the prn-junction in Gads below Lhe FEJ.



Al
[ |
| 1
3X1076 ¢m 8 l P- Al,Ga,As | 0.6 uym
i - | P-p HJ
| .
5X101% cm™3 | p-GaAs || 0.6 pym
i |
| nt-GaAs [ el
| [
/ \
- nt-GaAs Sl
Fig. 13 The slructure wused. for profiling through a p-F

Goads / Al oGa 245 heterojunciion.
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First, C-V profiling was periormed using the SB and an
apparent profile, shown in Figure 14, was obtained. The capacitance of the
Gads pn-junclion was in this measurement assumed to be very laree, due
to large area ( whole wafer ~0.2cm?®), so that its interference with the SB

capacitance measurement could be neglected.

The conduction and the valence band discontinuities of the
Al 3Ga 44s/ Geds system are expected [18] to be AE,w~ .23eV and
ﬂ.ﬂ'ytﬁ .14eV. However, the integration of the SB-generated apparent
profile (Figure 14) yields AEy = 0.07BeV and o; = —1.6x10 em ™2, which is
very different from the expected walue. This discrepancy is nol a result of
bad interface locating, but is due ito some intractable doping non-
uniformities in the doping profile of the epi-layer. It is not known how the
doping profile varies inside Lhe depletion region and therefore such a

profile cannot be used for band offset determination.

A mesa etch was then performed, shown in Figure 13 with a
dashed line, to reduce the reverse saturation current and the area of the
pr-junction, in order ic profile the HJ from the substrate side up i.e. from
the pn-junction. The measured capacitance is now a series combination of
the Schottky barrier and pn-junction depletion layer capacitances. There-
fore, the apparent profile obtained by profiling from Lhe pr-juncticn will
appear to be farther away from the pn-junction by a distance equal to the
SB depletion layer thickness. The apparent profile shown in Figure 15 is

obtained by profiling from the ﬁﬁ—jmction. The correction for pr-
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junction-generated proiiles, described in Section 7, has not besn applied

here because the n side of the junction was-doped very heavily.

The band disconlinuily and Lhe interiace charge densily deter-
mined from the profile shown in Figure 15 are AEy = 3eV and o; =
+2.8x10% com =2, [nasmuch as both profiles have been obtained by profiling
through the same HJ, the measured band offsets and interiace charge den-
sities should be approximately equal. The large discrepancy strongly indi-
cales that the struclure is not suitable for band discontinuity determina-
tion because of some kind of non-uniformity, either in the doping prefile or
the material composilion, the presence of deep levels or some other rea-

S0IE.

On the pn-junction-generated apparent profile (Figure 13),
fitting with a compuler receonstructed apparent profile was attemptad. A
close fit has been oblained with AEy = 0.2eV and it 1s shown by the datled
line in Figure 15. IL is visible that, for such a heterojunction, the edge of
the depletion and the accumulation peak should be much sharper than
they are in the measured apparent prefile. The tails with slow [allefl, on
both sides of the H, are the reason why the measured band offzset iz came

out zo large.

Any deviation from the ideal conditions, required for band
offset determination by C-V carrier concentration profiling methed and
compuler reconstruction, gives rize o anomalous fealures in the apparent

"
profile making it unsuitable for band discontinuity delermination. These



4_5.

anomalous features can be can be detected by fitting the measured preflile

with a computer reconstrucied one,

—
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#4C-M10

- X;= 0.695 um i

0.4 0.6 0.8 um
1 | | 1 1

6;=—1.6X10'" cm= AEy = 0.078 eV

Fig, 14 Experimental apparent profile through the F-—p
Al 3Ga 14s / Gads heterpjunction shown in Figure 13, obtained
by profiling from the SB.
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3\—10” #4B-M3
simulated f(x) -
B X; =0.955 pym = measured f(x)
| | f=_= | I I
.6 T .8 .9 1.0 1.1 1.2 um
AEy=0.3 eV ¢;=+2.8X10'? cm~?
IMg. 15 Experimental = apparent profile through the p-F

Gods / Al 9Ga »4s heterojunction shown in Figure 13 (full
line), and the attemnpted fit by computer reconstruction (dot-
ted line).



9. Conclusion

C-V carrier concentration profiling is a promising method for
the characlerizalion of isotype heterojunction interfaces. An alternating
use of integration and reconstruction of the measured apparent profile
improves the accuracy in the delerminalion of the Interiace position

needed for the band discontinuity evaluation.

Usually the profiling is perflormed neglecting the variation of
the dielectric permittivity across the interface. An improved interpreta-
tion of C-V data that takes Llhe dielecirie permittivity wvariation into
account, has been presented in this disseriation. If the dielectric permit-
tivity varies abruptly across the hetercojunction interface but is uniform
elsewhere, Lhe extraction of the band discontinuity and the interface
charge density from the apparent carrier concentration profiie can be
done applying the formerly used methed, thal is, assuming uniform e, pro-
vided one distinguishes between the true and ﬁjeasured ( effective ) values
of position, doping levels and carrier concentration.

When a pn-junciion is used as a deplelion generalion dsvice,
rather than a Schottky barrier, the apparent profile is a result of profiling
into both sides of the junciion. Inasmuch as only the profile of the side with
the heterojunction iz of inierest, the pn-junclion apparenl profile should
be correcled Lo give a profile that would be obtained if the same structure

had been profiled from a 3B. Diregt integration of the pr-junction gen-
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erated apparent profile does not give accurate resulls because of the
interference of the charge distribution on the olher side of the pn-
junetion. After Lhe profile has been corrected using the simple method
explained in Section 7, integration yielding accurale resulis may be per-

formed.

A reliable experimental heterojunction-band-discontinuity
determination by the C-V carrier concentration profiling method is
achieved, if the doping profile and the malerial composition are known
throughout Lthe profiled region and if there are no deep levels, that is, Lhe
mathematical model of an isotype helerojunction, described in Appendix C,
can be applied. Even though the preparation of adequate samples for band
offsel determination is troublesome, the C-V methods, particularly carrier
concentraiion profiling, serve as an excellent tool in the research of charge

phenomena in semiconductors.
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10. Appendix A: The C-V profiling formula

C-V profiling from a Schotlky barrier is performed using the

conventional formula

-1
n(-’tF%{j—V(;e—]} : (A1)

where n(z) is assumed to be the free carrier distribution. Equation (A.1) is
true only if the depletion approximation helds, that is if the edge of the
depletion is abrupt, as shown on Figure A-1. The capacitance af the struc-

ture is given by

(i —

H‘Jw

(A.2)

A vollage increment at the SE will cause the depletion edge to move for Az,
where Az i;s assumed to be sufficiently small so that n(z) does not change
significantly inside the interval (z,z + Az ). The depleted charge distribu-
tion iz rectangular with height and width equal to n(zx) and Az, respee-
tively. The amount of the depleted charge and the veoltage inerement can

be expressed as

AQ =gn(z)dr AV= %n[a:]xﬁ:r (A.3)

Differentialing 1/ C® with respecl Lo the voltage,
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1] _ 8 fz]®_ 2500
::EJ AV |e =2 AV

and using introducing AV/ Az from (A 1), one arrives at

A
AV

Sk MR
ﬂVlCEJ ge n(z)

which is equivalent to (A.1).

Each voltage step at the 5B depletes a number of carriers
equal to AN = A&/ g, from a region of widlh equal to Az, located at =. The
measured carrier concentration profile is constructed by ploiting the car-
rier concentration n(z) as a funetion of the position of the depletion edge

.

The true depletion edge iz not abrupt, but falls off gradually
with a characteristic lenglh, the Debye length, as shown on Figure 4-2. A
voltage increment al the 5B will displace the edge by Az and the depleted
charge distribution &n () will be bell-shaped, as shown on Figure A-3. The
amount of depleted charge and the voltage increment at the 5B can be

expressed by

AQ =q{ﬁntw}dr AV = g_{ An(z)z da. (4.4)

The depletion layer width, calculated from the capacitance C=AQ/ ATV, is

the center of the depleted charge distribulion, denoled with z:
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fﬂn(m}'xdm
L o

f An(z)dz
i

m IHI

1
= (A.5)

A small voltage step at the SB will deplete a total number of
carriers equal to AN, with the distribution centered at . The measured
carrier distribution is obtained by interpreting the data as if they were
obtained with the depletion approximation applicable, that is the, hell-
shaped charge distribution shown on Figure A-3 is replaced by a rectangu-
lar one which has the same total amount of charge, ie. AN. The earrier
concentralion profile is then constructed from rectangles having the area
and width equal to AN and Az, respectively, placed at £. The height of

each rectangle is denoted with 7, where

() = ‘if—_ (A.B)

The constructed carrier distribution does not show the true free carrier
profile, but a profile that was obiained by a process of averaging, while the
lotal charge and the firsl momenl of the charge distribution have been
conserved in the transition from n(z) to ®m(x) [E1]. The averagzed profile
7i(Z) is referred to as the apparent profile The opporent corrier concen-

tration is then given by



whers
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(A7)

(4.8)
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4. S
Fig. A-1 The abrupt edge of a depletion layer as it is assumed in the
depletion approximation.
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Fig.-A-2 True depletion’s edge gradual falloff. A shift for Az in the
position of the edge due to a voltage increment al Lhe
Schotiky barrier is shown.

An(x)

X

Fig. A-3 The shape of the cartier distribution being depleted by a
small voltage step al SB.
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11. Appendix B: The determination of the band discontinuity using

the intercept method

Consider an abrupt PN-heterojunction with the band diagram
shown on Figure B-1. Both sides of the junction are assumed be uniformly
doped. The junction is reverse biased and a capacitance measurement as a
function of the voltage has been performed. The 1/ C® vs. voltagze plot is
formed and the intercept voltage Vi,; is found by extrapolating the 1/ C®

data points into forward bias. See Figure | in Section &.

For complete understanding, a derivation of the C-V relation-
ship of a PN-heterojunction is needed. The presence of a charge laver at
the interface is incorperated into the derivation [#&], because, as it will be

gseen later, il strongly affecis the intercept voltage.

The capacitance of a PN-junction is given by

1_: -i-i- Ip (El]
Ep

where z, and z, are the depletion layer thicknesses on the n and p side,
respectively. The dieleciric permittivities of the two types of semicondue-
Lors are denoted by &, and &,. The electrical neutrality of the junction

requires

Nyzy — Npmy = 0y (B.2)
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Fig. B-1 A band diagram of a PN-helerojunction with the eleclrostatic

potential drops on thé.p and n side of the junction denoted
With ¥, and V.
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Here, o; is the density of interface charges. The doping levels are denoted
with N, for acceptors and Np for donors. By squaring (B.1} and (B.2) and

eliminating the product x, z,, we arrive at the following equation:

2 2 ’ a
1 _ Np z,, +NAIP ][ 1 g 1 }_ o

T
£ £ £ EnNp &y

En Ep Np Ny (B.3)

|

We next assume that the potential drops on both sides are sufficiently large
that all of the carriers near the interface have been depleted. The deple-

tion depths =z, and z, can then been expressed [14,15] with:

2e ’
2 n _
L ST (B.5)
B : -

Here, ¥, and ¥, are the potential drops across each depletion layer, both

taken positive,

Inserling (B.4) and (B.5) into (B.3) one obtains

1 = 1 1 '

—_—= — -+ V. + ¥V, —B&T = ¥ l,

= Q{E‘an epN,a]( ht W g W) (B.8)
where V; is a vollage shift due Lo the presence of Lthe interface charge.

2
e =t (B.7)
I? EHJHD']‘E:PNA I o

The sum V, + V; consists of: the Built-in voltage Vj; and any externally
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applied reverse bias voltage V. The reverse bias voltage is here counted as
pogitive. The built-in voltage is defined as the value of 1, + ¥; in the

absence of any external bias.

From the energy band diagram in Figure B-1 one can find that

the built-in voltage of an abrupt PN-hetercjunction is given by

Nen Nig

g Voo = Byp + 8Ec[p-n ] —kTIn Ny N,

(B.8)

Here, L, is the energy gap on the p-side, and AF e[ p-n], the conduclion
band discontinuity counted posgitive if the step is upward when going [rom

the p-side to the n-side.

The C-V relationship can now be written as

S e L 1 .
ca_q[snﬁp+z,,Nﬁ](F+K“}' (B.9)

The intercept voltage is then given by

N NV
qVins = Egp + Afp[pon] — ;chn—Nﬁl;JT_‘f—— gV, —2&T . (B.10)

With known material parameters and no interface charge,
equation (B.10) allows Lhe evalualion of Lhe band discontinuity.
It can be seen that the presence of any interface charge of

gither polarity will reduce the intercept voltage, therefore il is not possi-

ble, in this way, to determine neiifiér the band offsel nor ilhe interface
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charge density accurately. However, the influence of the interface charge
an the intercept voltage can be significantly reduced, if one side of the
PN-junction is very heavily doped, as seen from equation (B.7).

In order to illustrate th_{s, we first estimate the horizontal shift
of the 1/ C® plot due to some interface charge demnsity o;, if &, = g, = 13g,
and Np = Ny =10%cem™. TFor a typical interface charge density of
1.210" em 2, the intercept voltage will reduce -by 0.1 volt. This iz too large
of an uncertainty for the band offset evaluation. Increasing the doping level
of one side of the junction to 10® cm =3, the offset shift drops down to 0.002
volts.

Meazurements on PN-heterojunctions having such hizh doping

on one side, have been perfarmed [16].

The 1/ C? vs. V relationship for a homojunction can be
obtained from equation (B.89), by seliing the both dielectric permittivities

equal Lo &,

{ 2 [ 1 1
+ V+ V).
CE qE lﬂTD .Eﬂ'l':.g ( mt} (B.II]

The intercept vollage is derived {rom (B.10} by requesting that AE.» and o;
equal to zero and bolh Lhe densily of states in the conduection and valence

bands correspond to the same material,
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seiie sl CneNathe -
gVint = Epp IchNAND 2kT. (B.12)
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1. APPENDIX C: Simulation of C-V profiling

The structure used in simulation of C-V profiling through a
heterojunction consists of three parils: Lthe subslrate, the epi-laver and the
Schottky contact. (Figure 2). In order to simulate a C-V relationship of
such a struclure, one needs Lo know the variation of electric field Fsp at
the Scholtky conlact, with applied voltage ggp. Fram them, the capaci-

tance and the carrier apparent carrier concentration can be iound:

C=e—7 C.1
d¢se e
T [ a4 i [

T==s n(m]—qalldvﬂ‘z‘ g (C.2)

The mathemalical model [27] will be developed for an n—N
heterojunetion with uniform doping on both sides. P—type hetercjunctions
can be treated with the same formalism. The minority carriers are
neglected.

We define a quantity called the quasi-electrosiafic polentinl

wlz) by

—q g(z) = Ep(z) —Ep()

where Ep(e)} is the conduction band edge energy deep in the substrate.
The position dependence of g(z) is equivalent to the one of the conduction

band, but ¢(zx) becornes equal to zerb whenever the free carrier concentra-
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tion equals the uniform doping concentration, either in the substrate or
the epi-layer ( See equation (C.8) below ).

The delermination of the F/—¢ relalionship will be done
separately for the substrate and the epi-layer. Ii the doping of the sub-
strate is uniform, the electric field can be related to the potential ab any

position inside the substirate [15].

b
cha:sw:gnw(mnﬁ%[empt%fl}ﬂ—%fl BT

Here, V¥ is the voltage equivalent of temperature, Vp=k7/g. The Debye

length Lp is given by,

L E.: EEVT
gz’

where Ny is the doping level in the substrate. The quasi-potential p(x)
exhibits a discontinuity equal to AF/ g at the HI interface (Figure 7). The
electiric field changes abruptly due Lo the existence of a layer of charge
and abrupt variation of the dieleciric permittivity at the interface. The
interface charge layer is assumed Lo be infinilesimally Lhin and have the
areal density o;. Therefore, the leit and the right limit of ¢(z} and F(z) at
x; are different, they are related to each other by

ag (C.4)

pla;=) = plo+) —
-
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E o,
Flzm) = 2F(et) — a0 (c.5)

Here z;— and z; + symholize the lefi and the right limit to ;. The value of
¢ and F' at position z;— serve as the boundary condilion [er solvinz of the

Poisson equation in the epi-layer.

The Poisson equalion in the epi-layer is given with:

2 | NN
CY = -GN, - TR (2 (C.6)

dx? - £a Ney F*’3“1

The factor in [ront of the exponential funciion takes in accounl the
difference between the effective densities of stales in the conduction bands
of the two zemiconductors. With given boundary conditions at z;— a
numerical solution of (C.B) is necessary. The integration vields the values
of the electric field and the polential al the Schottky contact, Figp = 7(0)
and gse =¢(0}. From Lhe sel of Fsy and wge pairs the C-V relation can be
obtained (See Figure C-1).

The procedure is the following. Some value is taken for ¢(z; +) and the
gleclric field at z;+ iz calculated using (C.3). The initial conditions for
integration of the Poisson equation in the epi-layer are established by
using (C.4) and (C.5}. The Poisson equation (C.8) is then solved numericaily
giving the potential ¢gp and the electric field Fge at the Schotiky contacl
as a result. Increasing of g(z;+) in small steps and repeating of the
numerical process generates a set qf_FS:: and gge pairs which in turn give

the C-V relation ship using (C.1).
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For the purpose of numerical integralion, by using a set of
equidistant points, a mesh is formed in Lhe epi-layer (Figure C-2). The
separation between points iz equal to Ax. The potential and earrier distri-
bution are assumed to iake values at these discrete point. The electric

field between two adjacent mesh points is defined by

F(j) = - -:ﬁ(j’r‘-;x— eli) (C.7)

The Poisson equationm in the epi-layer is now separated inlo

three equalions:

Ny N 1) -
n(j+l) = %ezﬂ*‘”—[ﬁl’j‘—) (C.8)
=V T
FG) - FG+1) = =L | Ny~ n(+1)| bz (€9
1
97} — wli+1) = F(j) o (€.10)

Starting from the initial condilions provided by (C.4) and (C.3), the applica-
tion of equalions (C.8), (C.9) and (C.10) in the presented sequence gives the

value of the voltage and the electric field ab the 5B, where j =0,
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Fig. C-1 Organization of the Simulation of the C-V relation of the
structure shown on Fig. 2.
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Inasmuch as for the position and carrier concentration calcu-
lation we only need the.increments in the eleclric field and voltage at the
SH (C.1), a simpler way to solve for the carrier and voltage distribution is
to transform the Poisson equation into a form where solving for the

differences belween consecutive solutions is possible.

We define the difference between the wvalues of the quasi-
polential, electirie field and the carrier concentration of two consecutive
solutions of the Poisson equalion, denoted with £ and £+1, in the following

way:

B () = e (F) — o(F), (C.11)
AFL(§) = Freald) — Fe(G), (C.12)
A (7) = 10 (7) — 7 (5). (C.13)

The equations (C.8), (C.9) and (C.10) transform into a sel of difference

equations;

Ay, (7 +1) = m (F +1) [exp (e (7 +1)/ Vp) — 1], (C.14)
AF () — AR (j+1) = fﬁnﬂjﬂlﬂm. (C.15)
b (§) — Bpp (7 +1) = AF(5) Ac. (C.16)

The initial conditions for this .system can be obtained by applying (C.11)

and (C.12) to (C.4) and (C.5). The solution of Lhe above set of equations are
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increments in voltage and electric field at the SB. The depletion depth and

the apparent carrier concentration are given by,

fl
z, = Az —ﬁ;ﬂg; (C.17)
ri(n) = 5L 2RO (c.18)

Y Fp —Tp—

To solve the difference equation system (C.14), (C.15) and

(C.16), an initial distribution of carriers n(j) iz needed, as it can be seen in

(C.14). Therefore, one solution of (C.8), (C.9) and (C.10) is obtained to gen-

erate n(j) and then the system (C.14}, (C.15) and (C.16) is solved by incre-
menting @(z;+). This separates the solving process in two paris: the gen-
eration of the initial earrier distribution and generation of the apparent
profile by inerementing p(z; +). The initial n(j) is changed by An(j) every

time a new solution iz abtained.
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SB HJ
epi-layer =
v(0)
v(j)
v(j+1) V(ima) =V (x;-)
f{jmax)=f{xl _)
dx
1 f
0 i |i+1]j+2 -
f(0)
Fig. C-2 The mesh used for numerical solution of Lhe Poisson equation

In the epi-layer.
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2. Appendix D: Computer simmulation of C-V profiling

This appendix describes the organization of a program for
simulation of C-V profiling through isotype hetercjunctions. The program
simulates a measurement of a carrier distribution by means of the
mathematical model presented in Appendix C. If that model is applicable
and the assurned parameters of some real HJ structure correct, this profile
would predict the shape of Lhe apparent profile that were to be obtained by
performing a C-V measurement on the real HJ. The listing of Lhe program is

given in Appendix E.

Organization of the program
The program is divided in three sections by functicn.

SECTION I:
Assigning va-lues to all parameters and constants. Normalization of
variables.

SECTION IL:
Solution of Poisson equation to generate the initial carrier distribu-
tiom.

SECTION IIL:
Solution of the Poisson equation in Lhe form of a set of difference equa-

tions (C.14), (C.15) and (C.18). Generation of the apparent profile.
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Fach of these sections is discussed in detail below.

SECTION 1

The input data can be divided into four groups:
General ( Temperature and semiconductor ivpe ),
Heterojunction data ( Band offset and interface charge density ),

Substrate and Epi-layer data { Doping level, effective density of states

and dieleetric permittivity ).

The default values for all material parameters are assigned the
values for Gads al Lhe beginning the program. ( A subroutine narmed
CHANGE allows the user to change all these parameters from the terrninal.
This subroutine is activated by simply running the program.) The data for
Gads, (AlGa)As, Si and GaP are already stored in the program and are
accessible through a subprogram DATA. Ther_e iz alsc the possibility of

entering data of some other semiconductor Lthrough the terminal.

For easier manipulation in the program, all of the variables are

normalized. The normalization is shown below.

w(j) = — &l (D.1)

Vr

oy Ff)Ax
f(.?]—i‘%— (D.2)
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d[j]ﬁﬁiﬂﬂjﬁl (D.3)

B Vrey

2
pp = ¥kezre (D.4)
Vre,

Npy Na(bz)3q

4= Nes  Vrey

(D.5)

SECTION II: Analysis of the initial state

Using the above normalizations the equalions (£.8), (C.9)

and (C.10) transform into:

d(j+1) = 4 exp (—v (7 +1)) (D.6)
FG)—f(G+1) =— (DD —d(j+1)) (D.7)
W= e = 1) (D.8)

This set of equations is to be solved to obtain the initial carrier distribution
in the epi-layer. The solution has Lo be done with as small band bending as
possible. In that case the depletion region at the contact will be small and
will not affect the carrier distribution around the HI interface, that is, a
flat portion in the apparent profile will be cbserved on the epi-layer side.
Inasmuch as the only independent variable in the algorithm is
viz;+)=—plz;+)/ Vp, this quantity is adjusted by bisection until

v(0) = —g@sgeo/ Vi, becomes close to zero. In practice we request that
L



73 Appendix D

0<u({0)<3, (D.8)
that is, the voltage at the Schottky barrier is between 0 and 3kT/q.

To visualize the process, we show in Figure D-1 some examples
of Poissen equation extrapolation where the chosen v(z;+) is too small or

to large. We alzo show the case where the condition (D.9) is met.

The interval length in the mesh Ar and Lhe epi-layer width is

adjusted according to the level of doping in the epi-layer with

N1xw? = constant w = Az xn . (D.10)

Here @ i= the distance belween the SB and the heterojunction and n is the
number of discrete mesh points in the epi-layer. Under the above condi-
tions, the voltage needed to deplete the whole epi-layer will for all epi-layer
doping levels remain approximately the same, The constant in (D.10) is
adjusted in such a way that for band offsets AF <0.7e¢V, and inlerface
charge. densities | crz-i <1x10' cm =2, the distarice between the 3B and the
helerajunclion is large enough that the flat portion of the apparent profile
in the epi-layer will always be present. The shape of the apparent profile
does not depend on how far away the SB is from the HJ, as long it is
sufficiently far so it does not interfere wilh HJ carrier disiribution. In Fig-
ure D-2 we show two apparent profiles, one with the 3B too cless and the
other one sufficiently far away. The thickness of Lhe epilaver is set
automatically in the program, but sometimes the combined influenice oi

ol
large AE and large g; will require an increase in the epi-layer thickness.




T4 Appzndix D

This happens when the depletion region thickness is of the order of or

larger than the epi-layer. Readjustment of w is possible from the Lerminal.

In the case where the accumulation notch is on the sutstrate
side and the carrier concentration inside iz expected to exceed the
effective density of states, the possibility of using the Joyce-Dixon approxi-
mation [15,28] is offered in the program. The F—y relationship at =+ is
determined by the subroutine DIXON. A flag is sel in section [ of the pro-
gram to indicate whether Lhe approximation should be applied or not. It
can only be applied for accumulation appearing on the substrate side of
the interface. The approximation works well with carrier concentrations as
high as 20 tirmes the effective density of states, but diverges above this
value. This divergence seis a limitation on the largest possible value of the
band discontinuity and interface charge density. that can be used in the
sirnulation. If the carrier concentration in the accumulation nclch on the
subsirate side of a heterojunction with no bias at the SB exceeds 20x/V,
the extrapolation of the Poisson equation will not be possible. In this case
lhe program will exit announcing:" EXECUTION TEEMINATED - extrapolation
lo the surface cannol be done ". This message will also appear in every

other case where the extrapolation was unsuccessful.

Inasmuch as Lhe program contains no Joyee-lixon approxirna-
tion for the accumulation on Lhe epi-layer side, the limit on the magnilude
of the band discontinuity and Lhe interface charge densily is set by the

Ld
requiremnent thal the carrier concentration in the accumulation notch
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must not exceed the effective density of states.

After the initial carrier distribution and the corresponding
v(z;+) are found, the program proceeds to the difference analysis, Ssction

1I1.
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Fig. D-2 The profile (a) was abtained using the Schotliky barrier 53,

which is sufficiently far away from the HJ, whereas the profile
(b) is distorted because the Schottky barrier SHy is too
close.
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SELCTION III: Difference analysis
In thiz section, w(z;+) is incremented, and the set of

difference equations (C.14 - C.18) is solved for each increment. Using the

normalizations (D.1 - D.5) the equations (C.14 - C.18) transiorm inle:

Acdp (j+1) = g (F+1) (ezp (—dup (F+1)) 1) (D.11)
AF () — AF(F+1) = Adg (7 +1) (D.12)
Mo (7)) = dup (F41) = AFL(F4+1) (D.13)

The initial v(x; +) is now incremented and the above system
zalved for each step in veoliage and eleciric field. The size of Lhe voliage
increment, in the program called DEV, is determined by the product of
DEVD, which is the initial increment, and the incrementing function

VINC(k), where k is Lhe index of the solution.

After the voliage has been incremented the step in Lhe el=ctric
field is calculated using (C.3) and Lhe Poisson equation extrapolated using
the subroutine DIFF. The resulting inererments dviel in vallage snd dffol
eleciric field atl the 5B are used to caleulate the apparent position of the

depletion edge:

£ = —Az 5}% (D.14)

The minus sign is used because dffot is negative. The carrier concentra-
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tion zn is found using,

dftot Vpe,
T =
(zold —z )ghz

(D.15)

where zold is the position z from the previous solution. The pairs zn and
z are saved, they form the apparent profile. The names of variables used

here correspond to those used in the program.

Checking the simulated profile

A very simple way to find out whether the profile oblained by
sirnulation is correct is to check it by means of equations (3.3) and (2.4). If
the band offset and interface charge density used in simulation are approx-
imately equal to those oblained by integration, the simulation is well done.
In the program, this is done simullaneously while the profile is being gen-

erated. When simulation is finished, the integraled AE and g; are given.
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Appendix E: The program listing

[ ok b e o oF kS E G G R S b APt 2t St b S AP A P R
[ -
EIMULATION OF -V CARRIER CONCEMTRATIGN PROFILING *

- #
Qi of R PR R R A ARG A ARSI AT RS E R PSS RS A ST HF S I FE AR L F RS RS S R EE R

[ ]

real M2, M1, MNe2, Mol

dimension o{Z0Jl}

douvbhle precision DEV, w3 vz, dvfot, VHI, WLO. v, VOO, Ry volds vnew, DEVGC
double precision DEF, #0, Fx, df5ot, fnew, fold, WilN

dauble precision x,xo0lds zns 2nermls snarma, A J. D1 Le

double precision bk.g.egst 2, 2l, 22, sigmar sna dec. YT, E0, Wsg
character DMODE=1

cammaon SSOF dy pmar. A

commen fS5F wxs fravitet, Fiod.Dlrdes, VT LOG TLDS, vmaz

cammon S0/ GEV. DEF. dvtos, dftaof

data bkrg,apsD Fl. 580856251, 6021F4—1F, B, §5418d=14/

B N b ) s S o A Tt .o Temperature (K}

Bl e sl e e e Y ey e A e s Tupes ofbsemicanducter Iipiiar-=Ling

Cdd e GGG E S E S A SRS S FE SIS S S RS AR RS g S 2 et

C

c HETEROJUNMCTION PARAMETERS '

S e L L e e s

o T U a0ttt N eyt Bandgap discontinuity leV)
dec=0. d0

L R e i S e A R B Interface charge density (1 cm2)
sigma=0. &0

e b iy O S S —

= Chosa OMODE: “y* or ‘n' far JOYCE-DIXOM coarrecsion

s S e e e S R B R T P
DMODE="n"

CHEHH GRS A S SIS PSIF RIS FEJA ST Y S RGESGrESG GG do SRS EF SRS S E S SRR RS

=

Fa SUBSTREATE PARAMETERS

ey S g Bl e e it e e e e e e S B e A e e R T R YT BRI R AR ES
MNeg2=a, Te+l7

T S i e s R e Ry e e o B LB EetTde permitEiEi il
apz=2=13, 1

CHFHE4H4A4d R agaehm s ]SS dbd S dothd b ke Folb# 0 ik STt S E St S R e e

-~ EFI-LAYER PARAMETERS
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marimum =ilowed wvaltage 2% S8

(a]

wima p =g,

i e e R S T R e G SR . Doping level in Eh= EPI-LAYER
Mi=1_e+ls

D o e ket el i aiaawaiie.:.Effective densify of states
Nel=4. Te+l7 %

R i e R T e aiysenc b B i e 0 F A L R b Dielectric permittivity
epsi=13.1 A

o R R A s TS RS e SR 8 T R Thiekness of fhe EFI-LAYER

Eal

d zmg s 1000,
:bi**#ﬁ*i!{ﬂﬁ#ﬂ*db%**#ﬂﬁdi****d41***#ﬂ&#i#i*i1*#**&##**ﬂ#d**%ﬂ%ii***ﬂ***

call CHAMGE(dec. 5i_|_:|mau M2, M1, DMODE: un W2, Meloepses epsl, Ts TY¥PE?
o el i S it S R et b S ot gh g 3R e iR

i o R S O R B T gl e SRR WL e SURBSTRATE thickness
b=, b -

o Fo S L A e e e S L Tk S Mumber of discrete paints in the ERI=-LAYER
Jmax=wsd=

G L T e R e R A e Volkage equivalent of temperabure
WT=h%+T/q

Pt o at e e e e R ] St b R o A S b RS FHZASFHIELE

c
T MORMALIZATION

[ i 2 - = —— ————— i ——

atzmeps2taps
gl=apsl#epsd

snarE2=(HN2%2, #otdasds ) S (VTR2)
snormle(qedssdy )/ (WTHel)

Amsnarmls{NS#+(NcEANC2 Y
Dil=gnarnlail

EC=WT/dx

p=eps=/epsl
sn=(—-TYPE#qesigmal/(EQuael)
Ld=DEﬂRT{E{EE*UT}#{quﬂbiﬁ
OUTLd=SORT (¢ tal=VTi/(gaM2) i)

e L R R S S S S R O = T L b g i AR S A

c
= HAIM  PROGRAM

o

:***ﬂd***d**ﬁ***dﬁ#***ﬂ* anzlysls of initial shata b R A d b
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e ————— e e mme==— $gf intaTwal for bisection
spezmin=aminlied. al)
sMmin=amrnl (N2, N1
arg={g¥sigma#sigmal /{egsmins¥T#xNmin}

o e i e i i e iaeiimioee i oo sigmas>= 0 for N-type
iFITYPE#sigma. le. O, ) Wsigmas—2 #alogiarg+l. !

s s e e i 4w ... sigma < O For h=type
1f{TYFE#4sigma. ¢%. 0, ) Msigma=l. +arg
Vsg=dbiei{WMzigmal
Vsg=dminliVag. vmax}

VLO=DMIML (=1, 40 VYsg. =dec#VWT)
VHI=DOM&L161. dO. Vsg, DARS(dec ) /YT

B e e e e e e e head of looo

whabtsvmazs

WYMINM=3.d1

kkxk=0

o5 continue

kkk=titk+]

iflkkks. gt 100) then
Voo=VrIne
go to 1001

I e e T e e e boundary cend. at interface on the substrate side
WOO=(YLOFVHI b=5. d=1
[ e e ————————— e m—————m————————————— ¢alculation of w0 and £0
1001 cantinue
iFiDHMOBE. ne "y “)} Shen
fO==signi(l,, VQO0I=DSART( rnorm2= (MOO—1. dO+dexp (=303 1)

wOENY 03
A=dbla (N2 +DELF (=00

alse
R=dg la{MNE2}*DEXF(-vYOOQ)
if {(R.gh.20.1aMcl) then
LoS="1
go to &
andis
call DIXOM{FD, w& B N2 Me2s zporad)
ahdiT

=

2 mmm——————— e~ pgundaTy cBend. 3% intevface en epi-layer sids
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fr=g#+d—=sn
wr=wdedeo AWT

T R P e e iteration toward the surfacs
call STAT
1£{L0O&F =q. 1) print#, "2
1FILOG. eq. —1) pring#, * -
>4 continue
iFlgbk, gf. 100 g0 to 10062
f————————mmmm— e ———— qemorilzing MO0 whlch gives smallest YWsb,
c put Y%sh < 3¥T 15 nat met

£ {vwtet.gt. Q. and, vitob. 1t vmax) WHINSDRINL (VOO0 YHIRY
e ———————— e e pgad jW3ting 9F boundary cand.

if (LOG. gt O} then
YH =200
ge %o 33
elze i+ (LOG 1t.0) then
VLO=V00
go ko 53
andif

g e R e e o B e TR e ——————— EhE‘E!‘iiF‘Ig whether vtot < vmax

1008 continue
if{wvetnt, ge, vmax} then
wri ke {& $000)
go to 3000
gndif

Cm——————— ———— ———= gheeXino for accumulation owerload

ifi{R. g%, Mc2. and. DMODE. 2q. "n’) prints, " # ACCUMULATION OVERLOAD +-,
#* dlga D approximatian’

iFIR.gt.QO_ﬂN:E.and.aﬁDDE.Eq_“g‘? prints, ' # ACCUMULATIONMS,
' OVERLOAD =+

call poutiw T,dec, sigma, TYPE, M2, M1, Me2, Mcl.eps2, epsll
wribtel{d: 4001 ) vl v
400l Format(s, ' Band spikefnotcn in SUBSTRATE ', FB. 3, . in EPI=LAYER 7.
4488, 3

gqrt=0.
art=]1.
gacc=0.
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ifiwO. la. vr. and. «0. 12. 3. } fthen
qrim=waUT
eT t=+f0=ED
qace=ertas2ig

glse ifiwx, Bt w0 and. vx
qrE=—wx4VYT
prhafeEl
gacc=—srt*elsqg

andif

e, 2+ then

www=d, #qT s er g
grint=+, "Depth of nmotch ', qrE, YV Accumulated charge . gacc, * LAzme”
grint=+, 'Thichness of accumulation’, 10000, #abs{wuw}, ‘micromasars ’

warited{s, 10&1VEat

[3a farmatis, * Volltage a3t Sehottby Barrier ‘0 f&. 207 2T 47
ks " BTART DIFFEREMCE ANALYSIS " S0 "—"1)

LSt riaded It radadd difference analysis SRk S g 4k S ah o S N

istart=s, J#w
refnd=1. d=w

CHARGE=D
DECALC=YT#alog{ (NcI#NZ)  {MNcIan1) )
g=asal
S e e e e e e e P e e e i e i e e GUE RIS FT L opening

gpantuntk=1l. fFile="autput’, status="ald "}
closelunit=1, status="dalefte )
agpaniunlé=1l, fFile="autput’: status="naw’h
rewind 1

c —_ e ————————ee— ypltage incTamenting paramesars

W=l

[l

e Starting increment DEVD
DEVO=1. Q4%

g R o Tk RIS hiEswawisioes Speeding FacEroT KX
kx=270

|
|
[~~~ mmmem—ccseem— e Calfulating voltage and Fielg

1F{DMODE. e, "y ! Shen

fold=—dsignie, v} #QEGRTisnormat{v—1 dO+depsipi=vilti—zn
alsa

A=dble(NZ)#DELP{=wv}

call GIXOWN(Told.wald. R, g, Mg, ynarma}

fold=s#feld-sn |
endid |




B5 Appendix E

—————————— cmmme yglbtage incrementing

do Z ¥=1, 3080
ri=rleatiky
CORR=VINI (L, kx)
DEVIC=0EVO«L0RR
wEy+DEVDD
i#{DMIDE, ne. "y *) then
fnew==dsignie, w)#DE0RT{ rnormZ+{v—1. dO+dexpl—vwlil-=n
DEV=REVOS
glisze
A=dble(N2I4DEXP{=v)
call DINCOM{faew vnew, R, M3, Mc2 xnormZ )
fngw=e#fnew—sn
D=V=vnew—-vocld
endif
DEF=fnew—-fold

e e i —————— e ———m—————— @y tTapolating towarTds SE

o

call BIFF

viot=vitot+=dwtot
rold=fnew
vold=vnew

= S position calculatian

r==gy#{dwiot/dfLot)}

B i e e B e e e e e ——  COEBAETaEion calculakiaon

if (%x.pne.1}.then
a=(dftotedz ) ({zald=g)#znorml)

i

e mmemmmm——————= nrinkoud

if (x,ge, xstart} Then
yred=sngl(x=10CG00. }
ynred=snglizn}
writel{l, 10¥lyrad, gnred

angdif

==z et ———=— intggration for CHARGE z2nd calculated DE

if {x2.g%k. xsEart) then
if (r, 15, w}l than
CHARCGESCHARGE+( r—z0ig i#{Nl—gn!i=TYPE
DECALC=DECALC+g+dzn—MNli#  s—wl#{r—xald]}
glse if (x Lk xand) than
CHARCE=CHARGE+(x—zold iz leps2#nasegsl—an=TYPE
DECALC=LECALC+oa i sm—epsd=NEsapsl I ir=wizt{z=20ld}
gnd if
and if
alsa
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tgld=x
ga ko 3
endif
iald=x
if (x. g% =end} go To &

107 formati{ipetd 3. 3x, Ipeld 3]
3 cantinue
& continua

clase (1}

R L E e R R R R i e e ] Bt A o by A i S S b S A R S R R

writeld, 135)CHARGE, DECALC
13% forma%{’ charge density = ‘', 215 7. ' calculated BE = ° £f10. &,
45050 END af Program = Apparent prefile is in file: "ouktput" "}

2000  format(BOl ), Ff * % SAECUTION TERMINATED = /. /7,
#* Extrapolakion fo the surface cannat be dane ", F
#8077

i11 format(dz, tpell. 4 3z, 1pell. 4}

30gE  continue

and

E*ﬂ#&ﬂ**i+:***ﬁ*******ﬁ*iiﬂ**ﬂ**4******1**ﬂ*ﬁ**4#*#*****%********ﬂ**ﬂ#ﬂ*

c SUBROUTIMNES

[ s e e e e e e i B B - ——

A RS e e O S L gemeratian af initial carrier diskributiaon

supToutine STAT

dimension d{2001)

camman ASS wi, fi.vtot, ftaf, D1, dec, VT LOG, ILGG, vmax
camman FS0/ d¢ JmaEE A

double pracision wi, v, wn. £f3.F) fnodedodec, DLVT

LOz=0
ILGG=2
vo=amaxlivmar, vl
wl=aminl Q. vxl
Fy=Fx
L St
j=4max

do 1 i=Ll., Jmax

fn=* |
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wasY
=31

dij+1l=sa#deszpi—wn}
fi=fn+d{ j+1)-D1
¥ p=vn—F

if iwy. le. 3. and. v} ge, O} ILDG=1
if (wj.gk.wald then

LEE=1
g to 2
else Lf vy lt.wil) then
LOG=—1
go ta 2
endif
continue
wiph=w |
ftot=+g
ifiviot. g£. 3. ) LOG=1
ifivtot, le. 0 ) LOG=—1
cantinue
return
end

................ et aaraiiaaaeaaraena... Oifference eguation solwing

subroutine LDIFF
dimensien d{Z20011
cammon SRS d. gmaz. A
commen J0F DEY. DEF, dviot,dftot
double precision DEV, DEF, dfm.dva, df J, dv . dvtot, dftot, d, A4, dn
df =DEF
dw =0V
J=imaa
do 1 i=l. jmax
dfn=dF |
dyn=dv |
1=3-1

dn=d{ g+ii#iderpi—dwn)—1i DO
d{j+1li=d{ |+1)+dn
df j=dn+dsn
dwy=dwvn—d¢F
cantinue
dvipt=dy )
dftot=d?
rEEUTnH
end

____________ e e e e e eeiaeiaweaawa., wolEage incrementing

function VIMNC(k: 22}
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p=13.

rk=floatlk}

rr=floatiks)

r=axpiriipl
s=szpirx/plilrasr)
YINS=1, Fag1la+riirkerii}

raturn
and

......... Joyce—Dison approzimatian

subravtine DIXOMIF,. Y, AR, DD, OC. xnorma}
deuble gr=cisien F. % znarm, RR, DOD. DDC
doubls precision g.prdeAle A2, 43, A4, BT, B2, B3, B4

DDD=dble (DD}
DDC=dble(DC)

g=fRR/0DDC
p=DRDD /DD
d=RA /OO0

0. 35353337
-4 98JCFe-3
1. 433538B&5e—4
—4. 40543e=5

1=
]
gunonm

o= = ( diogid} + Al#ig—p! =+ A2#i{gag—pep)
# o+ A3s(geed-pes3) + Adwighed—paad)

81 = ¢ # (1,d0 — 4 =+ . 5d0 o p # 0.5d40

g2 = g#g + (1.d0 — d # &d4&&&s) = g=p # . 333333J

% = gws3 % (140 - 4 # 7540 — p#s3 8 2340

B4 o= gwsd o4 {140 — d # | BOdO) —  peks % . 20d0

S = glogidr + 1.d0 — d + Al#@R1 + AZ#B2 + A3#E3 + A4=B4
F = — D5I1GM{1, d0. VI4DEART (—xnorm2FF )

Teiurn

znd

....... S ks ETEREALER

sipbrautine pﬂuf5mnTrﬂEt;iigmifTYPE;NErHi:NEEaNtiaEPSE;EPQI]
real N2 N1 McZMal

characher typ<l

doubls precisisn dec.sigma

i1£(TYPE =2q 1.1 then

Eyg= P
glse

Eyp=-n"
zhnilf
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arintd. "TATAL S
writesls, 101}
101 forsmati8G0 ")
primk+. ‘Temoerature: . T, 'K Semicanductor 1s
print=, ’ !
print+, "Zand discontinuity: ", snglilC00, =dect, "ma¥’

[

v Eupe T btyps

print+: “Inferface charge: ‘ssnglisigmal, ‘Licmd”’

prints+, ’ t =

print+, 'SUBSTRATE: NZ: " MNZr cm—3 EFI-LAYER: Hi: * ML Tem=27
print-+ * He2: e Mc2 fom=3 Hel: "aMel, ‘co=3°
print+, * zpsZ: T, epsd. ¢ gpsi: . apsi
print+, * i

print<, ‘Gistance from SE fo HJ: 7 10080, #we ‘micrometers’
1G0 Format{GH0 =1}

return

and

T R D R D R e S 5 AT s changing of parameters

subroutine CHAMGE{dec., sigma, M2, N1, DMODE, ws NeZ Mel.epsa 2psl T,
#TYPE) )

real MMl Moz Mol

character DMODZ#1, TYF#1

double precision dec, sigms

g=1. &021%e-1%
bk=1. 3B2&&e-Z3

write (&, LOO)

100 farmak (Bl "#), S e LOX, 7 Welcome #o CV Carrier Concentration *
#‘Profiling Program’, /. BO( =),/ /, 13%: "The constanis for cal’.
#‘culation are already set’. /. 13x, 14 yow dont want to change *.
#7tham, fype "O" T S S

print+, ‘Temperature is 300 K, fype in if differant ’

Tead#, Ta

ifiTe, ne 0O} T=T=

WT=ha+Tsq

writel(&, L1100
114G format({ " The program already conktsins paramsters for Following”
#° crystals. "o 0 E
writels, 1197
1199 formatilCr, "1 Gaas, 4, 10x, "2 AlixiGali—-zkAas < A 10 '3 Ga’
atpr S 10y, '4 Bif. /. 10x, ‘S none of abowve .S
writais, L1QL)
1131 farmati® Chase the SUASTRATE materiszl: )
rasd#, KTL
iF(KTL. na. 2} go ko 1297
write{s, 111}

111 format(” Type in the compasition "a" '}
read®, x
1299 writels, 112}

112 formati’ What is the type of semiconductor? nm or p'i
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ragdd, TYFP
iA(TYF. eq. 'n') TYPE==-1.
LFITYP, 2. “p*) TYFE=1

call DATALMcZ, 2pse: T, WTL, 2. TYFE, ¥T)
uritels, 1130 : !

113 farmat{’' Chose the EFI-LAYER material " A}
writeld, L192)
reads, ATL
IFIATL. ne. 2} go fto 1293
wribedl{d, 111}
re3dE, o

298 continue

call DATAIMNCL  apsl, T. KWTL: &, TYFE: MT

writel&, 113)dec#1000
113 format(’ The bangap discentinuity going froem the bulk ftowards’
+5 SR is: ‘i £7.3 8V
uriteis, 102}
Taad¥, ¢
if{z. ne. 0.} dec=z

writel&s 10lisigma

101 fermati’ Interface charge density is ', 1pd?9. 29
writel{&s, 102}

102 farmatl’' I[f you want to change. fype 1nm new walue; 7))
resd#, z
EFf{z,.ne, 0.} sigma=z

writel{d, 103}
103 farmatis, BOC = ). /)
writela, 1042
104 format{’ The doping lewel in the auvbstrate iz K3=/, 1p=B 2}
writeléd: 102)
read#, 1z
iflzz. na. O} liZ2=:1z

write{d, 103111
i0% farmat(’ The dgping lewel in the epitarial laysr is NI=’l1paE.E?
writeld, 1021}
raad#, 121
Ifirzz.ne. 0. ) HNi=z23:

wrikal{s, 1050
134 formafils * Do you want Joyce—-Dizon correckian i1n the SUABSTRATET
#rigdnk O
read+, DMOGE

w=1C000000%, +sqri i1, Sril)
w=2int{w) S100000.
write (&, 10V 1w=100G0.
107 farmat{s, © Epi-layer fthickness: w=* 7.3, um Change: *}
g =i
Tead#, 131112
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iflzgzz.ne. . ) wSrrIzel, e—4&

ann=1000%w ug

print+, * Mumber of mash points: ‘. 0OAn

print+, * Flease wait, the intinsic carrier distribution’,
#7is being aenerstad’

reELTUTn

ang

data for some semiconductors

i

subrputine DATA(EFF. EPS, T, WTL. 1, TYFE, VT
cqﬂ*4ﬂ#&ﬂq{******qﬁ**{ﬂﬂﬁq¢;#&4*+ﬂ*4ﬂ*ﬂ**ﬁwi#+4*ﬁ**ﬁ**#*#»##b#v##diﬂi#*

real mEr o mA- mH 2E

go to (1,234 3HATL
O S et b A A B A T ok B SR S R b g Ak g gk T

i continus
¥=0,
2 continue
c FahAs — AlGaas = Alas
= data %takan from Cssey and Panish: Heteraostructure Lasers

e e e et e e

EPS=13. 1=2, #x

mG=0. 0&7+0, GES#x
mbL=0, 55+0. 12+x
mE=0, §5=0. 07+
mH=0, 48+0, 3i+x

if{TYPE. 28q. —1. ) %then
ifiz. la. . 45) e3=(1, 424+1 247%z2 )/ VT
iflz gt . 35} el=(1, 3424+1, 247#x+1_ 147# (-0, 45i={x=0 45) } VT
ab=0i. TOS+0, 424 ) /WT
ad={1 %+, 12S=x+ 143#x#x) NT

iftx, le, .43} %then
a=mG##41. S+mle+l, StorpleG—elLi+mise]l SsexpieG-ex]
EFF=2, Sel@aa+(T /300 tex] 3
a=a#+. h&
go to 1500
elsa
2=mE#al Seexpi{aX—oG)+ml#=l Se#expiegi-sL)=mia=®l 3
EFF=2. Se1P#a+(T/300. Jasl. 5
a=x440, o4
g0 %fo 13460
andif

a=mH
EFF=z, SelF=+{a#T/300. I#=21 5
go to 1203

endidf
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D T e e R R L L A e e T
3 cantinue

C GaF
o data %Yaien from Sre; Physic: of Semiconductor Dewices
I o et
e Indirect gap, & half walleys at Lthe X point
mz=0, 82
mH=2, &0

iF{TYFPE. gq, =L, ¥ a=mE
iFITYPE. 2q. 1. ¥ a=mH

EFF=Y, Sel17=(a*T/ /300, tsw]l §
EPS=t1.1

go ko 1000

O AR CEE EE R R S S S S S R R A B R S E i
4 cantinue

[+ Si
c data taken #from S:ie: Physics of Eemiconductor Devicas
e s iy
c ‘EndiTect gap: & wallays

if({TYPE. 2aq. —1. } a=2 Bel?

ifITYPE. 2. 1.7 a=1. 04e1¥

EFrF=a+{T/300. )+21 3

EPS=11, 7

ga to 13250

SR et R A S S B R e S b S o S S R e g R S R S T SR
S cantinue

print+. ' Enker 2Fffsctive density of statez in CH=3: '
raad<+, EFF

prints, * Enier dielectric permitivity fesfeld): ”
rasd#, EFS

e e e e e e e e e e e e e e e e e R R e 0

1000 continus
R e L L B . T A L L T = % LU B

TELTUTH
egnd
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