4.3.8. The hetero p-n junction &

The heterojunction p-n diode is in principle very smilar to a homojunction. The man problem
that needs to be tackled is the effect of the bandgap discontinuities and the different materia
parameters, which make the actua cadculations more complex even though the p-n diode
concepts need dmost no changing. An excellent detailed treatment can be found in Wolfe et d.1.

4.3.8.1.Band diagram of a heterojunction p-n diode under Flatband conditions

The flatband energy band diagram of a heterojunction pn diode is shown in the figure below. As
aconvention we will assume DE. to be postiveif Ec > Ec p and DE, to be postiveif Eyn < Eyp.
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Figure4.3.5 Hat-band energy band diagram of a p-n heterojunction

4.3.8.2.Calculation of the contact potential (built-in voltage)

The built-in potentid is defined as the difference between the Fermi levels in both the ntype and
the p-type semiconductor. From the energy diagram we find:

afi =B n- Er, p~EFn- EcntEntEcp- EFp (4.3.52)

which can be expressed as a function of the eectron concentrations and the effective densties of
datesin the conduction band:

IWolfe, C. Holonyak, N. Stillman, G. Physical properties of semiconductors, Prentice Hall, Chapter 9.



ot = e, + crin Mo (4.359)
NpoNen

The built-in voltage can aso be related to the hole concentrations and the effective densty of
dates of the vaence band:

PooNy.n (4.3.54)

gf j = - DE, + KT In———
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Combining both expressons yieds the built-in voltage independent of the free carier
concentrations:

DE¢ - DEy , 1y NaNa , KT, NvnNe,p (4.3.55)

qf j =
Nalp 2 NenNyp
where ny, and ny, are the intrinsic carrier concentrations of the n and ptype region, respectively.

DE. and DE, are postive quantities if the bandgap of the ntype region is smdler than that of the
p-type region and the sum of both equas the bandgap difference. The above expresson reduces
to that of the built-in junction of a homojunction if the materid parameters in the n-type region
equa those in the p-type region. If the effective dendties of dates are the same the expresson
reduces to:

o =B DBy o NNy (4.3.56)
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4.3.8.3.Abrupt p-n junction

For the cdculation of the charge, fidd and potentid distribution in an abrupt p-n junction we
follow the same goproach as for the homojunction. Firs of dl we use the full depletion
goproximation and solve Poisson's equation. The expressons derived in section 4.1.1 then il

aoply.

N g - N (4.3.58)
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ONaXp = oNgXn (4.3.59)

The main differences are the different expresson for the built-in voltage and the discontinuities
in the fied digribution (because of the different didectric condants of the two regions) and in
the energy band diagram. However the expressions for ¥, and % for a homojunction can ill be
e e
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used if one replaces Na by Na .Adding x,




(4.3.60)

Xq = Xp + Xp = 2snesp_ (Na+Ng)“(f - Va)
=Xn =

The capacitance per unit area can be obtained from the series connection of the capacitance of
esch layer:

C = 1 _ qesnes p Na Nd (4361)
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4.3.8.4.Abrupt P-i-N junction
For a P-i-N junction the above expressions take the following modified form:

fn+fp+fu:fi'Va (4.3.62)
2
C_aN@ N GNaxy (4.3.63)
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ANaXp = ANgXy (4.3.64)

Where f is the potentia across the middle undoped region of the diode, having a thickness d.
The depletion layer width and the capacitance are given by:

Xd =Xn+Xp+d (4.3.65)
4.3.
C = 1 (4.3.66)
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Equations [4.2.11] through [4.2.13] can be solved for X, yidding:

(des,n)z + Zes,n(fi - Va) (1+ Nd) ) des,n (4367)
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A solution for xp can be obtained from [4.2.16] by replacing Ng by Na, Na by Ny, €sn by esp, and
esp by esn. Once x, and X, are determined dl other parameters of the P-i-N junction can be



obtained. The potentia throughout the structure is given by:

N 4.3.68
f(x):-q—d(x+xn)2for-xn <x<0 ( )
2 S,n
N 4.3.69
F()=-f,- TdXny forg<x<d (4:369)
~ aN, 5 (4.3.70)
f(x)=-(f; -Vy)+ (X-d- Xxp) ford<x<d+xp
e
SPp
where the potentid a x = -x, was assumed to be zero.
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Figure4.3.6 Chage didribution, dectric fidd, potentid and energy band diagram of an
AlGaAgGaAs p-n hetergjunction with V; = 0.5 V, x = 0.4 on the left and x = 0 on
theright. Ng = N5 = 1017cnmr3

The above derivetion ignores the fact that, because of the energy band discontinuities, the carrier
dendties in the intringc region could be subgtantidly larger than in the depletion regions in the
n-type and p-type semiconductor. Large amounts of free cariers imply that the full depletion
goproximation is not vaid and that the derivation has to be repested while including a possble
chargein theintringc region.

4.3.8.5.A P-M-N junction with interface charges
Red P-i-N junctions often differ from ther idea modd, which was described in section b). The



intringc region could be lightly doped, while a fixed interface charge could be present between
the individud layers. Assume the middle layer to have a doping concentration Nm = Ngm - Nam
and a didlectric condtant esm. A charge ;1 is assumed between the N and M layer, and a charge
Q. between the M and P layer. Equations [4.2.11] through [4.2.13] then take the following form:

fntfp+fm=fi- Va (4.3.71)

(4.3.72)
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ANgXy +Q+Qo + aNpd = aNgX, (4.3.73)

These equations can be solved for xn and X, yielding a gnera solution for this Sructure. Again it
should be noted that this solution is only valid if the middle region isindeed fully depleted.

Solving the above equation dlows to draw the charge dendty, the dectric fidd digtribution, the
potentia and the energy band diagram.
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Figure4.3.7 Chage didribution, dectric fidd, potentid and energy band diagram of an
AlGaAg/GaAs pi-n hetergjunction with V; = 1.4V, x = 04 on the left, x =0in
the middle and x = 0.2 on theright. d = 10 nm and Ng = N5 = 10*"cm®



4.3.8.6.Quantum wel in a p-n junction

Consider a pn junction with a quantum well located between the n and p region as shown in the
figure below.
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Figure4.3.8 Hat-band energy band diagram of a pn heerogjunction with a quantum well a the
interface.

Under forward bias charge could accumulate within the quantum wdl. In this section we will
outline the procedure to solve this structure. The actud solution can only be obtained by solving
atranscendental equation. Approximations will be made to obtain useful andytic expressons.

The potentias within the structure can be related to the applied voltage by:

fntfqutfp=Ffi-Va (4.3.74)

where the potentids across the p and n regions ae obtaned using the full depletion
goproximetion:

aNg xﬁ ) qNaXS (4.3.75)
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The potentia across the quantum well isto first order given by:
_ ONgXalx N g(P - N)Ly (4.3.76)
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where P and N are the hole repectively dectron dendties per unit area in the quantum well. This
equation assumes that the charge in the quantum wdl Q = g (P - N) is located in the middle of
thewel. Applying Gaussslaw to the diode yidds the following baance between the charges:



dNgXn - N = - gP +aNgaX, (4.3.77)

where the eectron and hole dendties can be expressed as a function of the effective densties of
dates in the quantum well:

¥ DE, o (4.3.78)
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with DE;, ¢ and DE, 1, given by:
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where Ene and E,n are the n' energies of the eectrons respectively holes reative to the
conduction respectively valence band edge. These nine equations can be used to solve for the
nine unknowns by gpplying numericd methods. A quick solution can be obtaned for a
symmetric diode, for which dl the parameters (including materid parameters) of the n and p
region are the same. For this diode N equas P because of the symmetry. Also X, equas X, and f
equals fp. Assuming that only one energy level namedy the n = 1 leve is populated in the
guantum well onefinds:

QVa- 2B - E
2kT

(4.3.82)

N =P = Ngquli1+ep 9

where Ey is the bandgap of the quantum well material.

Numeric smulation for the generd case reved that, especidly under large forward bias
conditions, the dectron and hole dendty in the quantum wel ae the same to within a few
percent. An energy band diagram caculated using the above equations is shown in the figure
below:
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Figure4.3.9 Energy band diagram of a GaAg/AIGaASs p-n junction with a quantum well in
between. The duminum concentration is 40 % for both the p and n region, and
zero in the wdl. The doping concentrations N and Ng are 4 x 10t cmi® and V, =
14V.

From the numeric smulation of a GaAs rgw-p dructure we find that typicaly only one dectron
levd isfilled with dectrons, while severd hole levels are filled with holes or

N=N, @P=R+P+Py+... (4.3.83)

If dl the quantized hole leves are more than 3kT below the hole quas-Fermi level one can
rewrite the hole dengty as

Ern- Enn (4.3.84)

P=R3 ep =
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and the gpplied voltage is given by:

with

E * (4.3.85)
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