4.4.7. Heterojunction Diode Current &

This section is very smilar to the one discussing currents across a homojunction. Just as for the
homojunction we find that current in a p-n junction can only exis if there is recombination or
generation of eectron and holes somewhere throughout the structure. The ided diode equation is
a reult of the recombingion and generation in the quas-neutra regions (induding
recombination a the contacts) whereas recombination and generation in the depletion region
yield enhanced leskage or photocurrents.

4.4.6.1.1deal diode equation

For the derivation of the ided diode equation we will again assume that the quas-Fermi levels
are condant throughout the depletion region so that the minority carrier dengties a the edges of
the depletion region and assuming "low" injection are ill given by:
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Where ni, and n;p refer to the intringc concentrations of the n and p region. Solving the diffuson
equations with these minority carrier dendties as boundary condition and assuming a "long'
diode we obtain the same expressions for the carrier and current distributions:
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Where L, and L, are the hole respectively the eectron diffuson lengths n the n-type and p-type
materid, respectively The difference compared to the homojunction case is contained in the
difference of the materid parameters, the thermd equilibrium carier densties and the width of
the depletion layers. Ignoring recombination of cariers in the base yidds the tota ided diode



current density Jigeal:
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This expresson is vdid only for a p-n diode with infinitdly long ques-neutra regions. For
diodes with a quas-neutrd region shorter then the diffuson length, and assuming an infinite
recombination velocity at the contacts, the diffuson length can smply be replaced by the width
of the quas-neutra region. For more genera boundary conditions, we refer to section 4.2.1.c

Since the intrindc concentrations depend exponentidly on the energy bandgep, a smdl
difference in bandgap between the n-type and i-type materid can cause a dgnificant difference
between the eectron and hole current and that independent of the doping concentrations.

4.4.6.2.Recombination/generation in the depletion region

Recombination/generation currents in a heterojunction can be much more important than in a
homojunction because most recombination/generation  mechanisms depend on the intrindc
carrier concentration which depends strongly on the energy bandgap. We will consder only two
maor mechanisms: band-to-band recombination and Shockley-Hall-Read recombination.

44.6.2.1. Band-to-band recombination
The recombination/generation rate is due to band-to-band trangtionsis given by:

Up. g = b(np- n?) (4.4.65)

where b is the bimolecular recombination rate. For bulk GaAs this vaue is 1.1 x 10°2° cmPs?. For

np>ni2 (or under forward bias conditions) recombinaion dominaes, whereas for np<ni2

(under reverse bias conditions) therma generation of dectron-hole pars occurs. Assuming
constant quasi-Fermi levels in the depletion region this rate can be expressed as a function of the

applied voltage by using the "modiified" mass-action lawnp =n?2e’a’t | yidding:
(4.4.66)
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The current is then obtained by integrating the recombination rate throughout the depletion
region:
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For uniform materia (homojunction) this integration yielded:
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Whereas for a p-n heegjunction congsing of two uniformly doped regions with different
bandgap, the integra becomes:
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44.6.2.2. Schockley-Hdl-Read recombination

Provided bias conditions are "closg' to therma equilibrium the recombination rate due to a
dengty N of trgpswith energy E; and a recombination/generation cross-section s isgiven by
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where n; is the intringc carrier concentration, vy, is the thermd veocity of the carriers and E; is

theintrindc energy level. ForEi=Erandt g = this expresson smplifiesto:
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Throughout the depletion region, the product of electron and hole dendty is given by the
"modified" mass action law:
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The total recombination current is obtained by integrating the recombination rete over the
depletion layer width:
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which can be written as a function of the maximum recombination rate and an "effective’ width
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Since Usirmax IS larger than or equa to Ugyr anywhere within the depletion layer one finds that
X' has to be smdler than X4 = xn + Xp. (Note that for a p-i-N or p-qw-N structure the width of the
intringc/qw layer has to be included).

The cdculation of X' requires a numerica integration. The carier concentrations n and p in the
depletion region are given by:
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Substituting these equations into [4.5.18] then yidds x'.
4.4.6.3.Recombination/generation in a quantum well

44.6.3.1. Band-to-band recombination

Recognizing that band-to-band recombination between different gates in the quantum wel has a
different coefficient, the total recombination including dl possible trangtions can be written as.
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Eg.qwn =Eg +Ene+Enn (4.4.81)

where E,e and E,, are cdculated in the absence of an dectric fidd. To keep this derivation
ample, we will only consder radiative trangtions between the n = 1 gates for which:
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both expressons can be combined yielding
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446311 Low voltage approximation (non-degenerate carrier concentration)

For low or reversed bhias conditions the carier dendties are smdler that the effective dendties of
dates in the quantum well. Equation [4.2.55] then smplifiesto:
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and the current becomes
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Thisexpresson is Smilar to the band-to-band recombination current in bulk materid.

4.4.6.3.1.2. High voltage approximation (strongly degenerate)

For strong forward bias conditions the quas-Fermi levdl moves into the conduction and valence
band. Under these conditions equation [4.4.26] reduces to:
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If in addition one assumes that N1 = P1 and N¢,qw << Ny, qw thisyidlds
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and the current becomes;
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for GaASAlGaAs quantum wells, B; has been determined experimentally to be 5 x 10°cnfs ™t

44.6.3.2. SHR recombination

A graight forward extension of the expresson for bulk materid to two dimensonsyields
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and the recombination current equas.
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This expresson implies that carriers from any quantum gate are equaly likely to recombine with

amidgap trap.

4.4.6.4.Recombination mechanismsin the quas-neutral region

Recombination mechenisms in the quag-neutrad regions do not differ from those in the depletion
region. Therefore, the diffuson length in the quas-neutrd regions, which is defined as L, =

VDt ad Lp = Dpt p, must be caculated based on band-to-band as well as SHR

recombination. Provided both recombination rates can be described by a single time congtant, the
carier lifetime is obtaned by summing the recombination raies and therefore summing the
inverse of thelifetimes.
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for low injection conditions and assuming n-type materid, we find:
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yidding the hole life time in the quas- neutra n-type region:
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4.4.6.5.Thetotal diode current
Using the above equations we find the total diode current to be:

Jiotal = JIb-b T ISHR t Jideal (4.4.96)

from which the relative magnitude of each current can be cdculated. This expresson seems to
imply that there are three different recombination mechanisms. However the ided diode equation
depends on dl recombination mechanism, which are present in the quas-neutrd region as well
as within the depletion region, as described above.

The expresson for the tota current will be used to quantify performance of heterojunction
devices. For ingtance, for a bipolar transigtor it is the ided diode current for only one carrier type,
which should dominate to ensure an emitter efficiency close to one. Wheress for a light emitting
diode the band-to-band recombination should dominate to obtain a high quantum efficiency.

4.4.6.6.The graded p-n diode

44.6.6.1. Generd discusson of agraded region

Graded regions can often be found in heterojunction devices. Typicdly they are used to avoid
abrupt heterostructures, which limit the current flow. In addition they are used in laser diodes
where they provide a graded index region, which guides the lasng mode. An accurate solution
for agraded region requires the solution of a set of nortlinear differentid equations.

Numeric smulation programs provide such solutions and can be used to gain the understanding
needed to obtan gpproximate anaytical solutions. A common misconception regarding such
dructures is that the flatband diagram is close to the actua energy band diagram under forward
bias. Both are shown in the figure bdow for a sngle-quantum-wel graded-index separate-
confinement heterostructure (GRINSCH) as used in edge-emitting laser diodes which are
discussed in more detail in Chapter 6.
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Fig. 4.6 Flat band diagram of a graded AlGaAs p-n diodewith x =40 % in the
cladding regions, x varying linearly from 40 % to 20 % in the graded regions
and x = 0% in the quantum wdll.
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Fig. 4.7 Energy band diagram of the graded p-n diode shown above under forward
bias. Va =15V, Na=4x 10" cm®, Ng = 4 x 10*" cm>. Shown arethe
conduction and valence band edges (solid lines) aswell asthe quasi-Fermi
energies (dotted lines).

The firg difference is that the conduction band edge in the n-type graded region as well as the
vaence band edge in the p-type graded region are dmost congtant. This assumption is correct if
the mgority carier quas-Fermi energy, the mgority carrier dendty and the effective dendty of
dates for the mgority cariers dont vary within the graded region. Since the carrier
recombination primarily occurs within the quantum well (as it should be in a good laser diode),



the quas-Fermi energy does not change in the graded regions, while the effective dendty of
dates vaies as the three hdf power of the effective mass, which varies only dowly within the
graded region. The condant band edge for the minority carriers implies that the minority carrier
band edge reflects the bandgep variaion within the graded region. It dso implies a congant
eectric fidd throughout the grade region which compensates for the mgority carrier bandgap
vaiation or:
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q dx
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in the n-type graded region
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where Eo(X) and Eyo(x) are the conduction and valence band edge as shown in the flatband
diagram. The actud dectric fidd is compared to this smple expression in the figure below. The
exigence of an dectric fidd requires a dgnificant charge dendty a each end of the graded
regions caused by a depletion of carriers. Thisaso causes asmall cusp in the band diagram.
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Fig. 4.8 Electric Field within a graded p-n diode. Compared are a numeric smulation
(solid line) and equation [4.5.39] (dotted line). Thefield in the depletion
regions around the quantum well was calculated using the linearized Poisson
equation asdescribed in the text.

Another important issue is that the traditiond current equation with a drift and diffuson term has
to be modified. We now derive the modified expresson by sarting from the relation between the
current density and the gradient of the quasi- Fermi leve:
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where it was assumed that the eectron densty is non-degenerate. At first sight t seems that only
the last term is different from the usud expresson. However the equation can be rewritten as a
function of Eco(x), yidding:
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This expresson will be usad in the next section to caculate the ided diode current in a graded p
n diode We will a that time ignore the gradient of the effective dendgty of dtates A smilar
expression can be derived for the hole current density, Jp.

44.6.6.2. I|dea diode current

Cdculation of the ided diode current in a graded p-n diode poses a speciad problem since a
gradient of the bandedge exists within the quas-neutra region. The derivaion beow can be
applied to a pn diode with a graded doping concentration as well as one with a graded bandgap
provided that the gradient is condant. For a diode with a graded doping concentration this
implies an exponentid doping profile as can be found in an ionimplanted base of a dlicon
bipolar junction transistor. For a diode with a graded bandgap the bandedge gradient is constant
if the bandgep is linearly graded provided the mgority carrier quas-Fermi levd is pardld to the
magority carrier band edge.

Focusing on a diode with a graded bandgap we firg assume that the gradient is indeed congtant
in the quas-neutrd region and tha the doping concentration is congtant. Using the full depletion
goproximation one can then solve for the depletion layer width. This reguires solving a
transcendental  equation snce the didectric condant changes with materid compostion (and
therefore also with bandgap energy). A first order gpproximation can be obtained by choosing an
average didectric congant within the depletion region and usng previoudy derived expressons
for the depletion layer width. Under forward bias conditions one finds that the potentia across
the depletion regions becomes comparable to the thermd voltage. One can then use the
linearized Poisson equation or solve Poisson's equation exactly (section 4.1.2) This approach was
taken to obtain the dectric fidd in Fig.4.8.

The next dep requires solving the diffuson eguation in the quas-neutrd region with the correct
boundary condition and including the minority carrier bandedge gradient. For eectrons in a p-
type quas-neutrd region we have to solve the following modified diffuson equation
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which can be normdized yidding:
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If the junction interface is & x = 0 and the p-type materid is on the right hand sde, extending up
to infinity, the carrier concentrations equals.
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where we ignored the minority carier concentration under thermd equilibrium which limits this
solution to forward bias voltages. Note that the minority carrier concentration npo(Xp) @t the edge
of the depletion region (a x = Xp) is srongly voltage dependent since it is exponentialy
dependent on the actual bandgap &t X = X,.

The electron current & x = X, is cdculated usng the above carrier concentration but including the
drift current Snce the bandedge gradient is not zero, yielding:

1 (4.4.105)
Jn =- annpo(xp)(—:‘Va /Vta( 1+ 3 - 1
(Lpa)

The minus sgn occurs since the dectrons move from left to right for a postive goplied voltage.
For a =0, the current equasthe ided diode current in a non-graded junction:
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while for strongly graded diodes (a L, >> 1) the current becomes:
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For abandgap grading given by:
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onefinds
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where Jy(a = 0) isthe current density in the absence of any bandgap grading.



