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Spatial electroluminescence distribution and internal quantum efficiency
in substrate free INnAsSbP/InAsSb double heterostructure
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In this work, we calculated the spatial distribution of the electroluminescence intensity taking into account
the features of current spreading and taking into account the dependence of the internal quantum yield on the
current density with the dominance of Auger recombination in flip-chip diodes based on InAsSbP/InAsSb double
heterostructures (1 = 4.2um). By comparing the calculated data and the radiation distribution over the sample
surface, the internal quantum efficiency of electroluminescence and its dependence on the current density at room

temperature are determined.
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1. Introduction

Mid-infrared light emitting diodes and photodiodes (LED
and PD, respectively) based on heterostructures (HS)
InAsSbP/InAsSb are used in many industrially produced gas
analyzers in demand for medicine, solving environmental
problems and (or) production safety [1-3].

One of the features of a LED with contacts of a limited
area, for example, a flip-chip LED, is the localization of
current flow under the contacts and (or) in the immediate
vicinity of them. When studying this localization, current
density distribution j(X,y) is usually modeled based on
the solution of the Laplace equation, and the resulting
distribution j(X,y) is compared/corrected in accordance
with the experimental distribution of electroluminescence
intensity (EL) L(X,y) [4,5]. At the same time, assump-
tions about the numerical relationship between L(X,Y)
and j(X,y) are usually not specified, in other words,
a linear relationship between them is tacitly assumed:
L(X,y) < j(X,y) and it is assumed that there is an
independence of the internal quantum efficiency of the EL
(IQE, nint) from the current. This assumption is valid only in
the special case, which usually occurs only at small values
of j(x,y); in practice, this relationship is nonlinear mainly
due to the fact that the rates of radiative and non-radiative
recombination depend differently on the concentration of
nonequilibrium charge carriers and, accordingly, on the
current density j (X, ).

In relation to mid-IR LED, the sublinearity of the
dependence of the output power of the LED on the
current has been discussed repeatedly; for example, in
the work [6], an external quantum efficiency (EQE) was
calculated with partial localization of current flow under
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a point opaque contact on the light-emitting surface of a
model structure based on InAsSbP/InAs(Sb). At the same
time, the calculations of the dependence of IQE on the local
current density were not compared with the experiment.

In this paper, IQE estimates for various pumping currents
are carried out, obtained by numerical analysis of the spatial
distribution of the EL intensi in a flip-chip LED based on
double heterostructures (DHS) InAsSbP/InAsSbg¢s emit-
ting at a wavelength of c = 4.2 um.

2. Samples and measurement procedure

Epitaxial structures were grown on n'-InAs substrates
and contained an active region from an undoped solid
solution n-InAsg 92Sbgos (band gap Eg (300K) ~ 0.3¢eV),
enclosed between two wider-band layers of a quaternary
solid solution InAsSbP, one of which was a contact layer
p-InAsSbP(Zn).

The samples were made by standard photolithography
in geometry for flip-chip mounting on specialized silicon
circuit boards and were similar to those described in [7].
The emitting region of the flip-chip diode (1. =4.2um,
FWHM = 0.6 um) had the form of a square mesa with
a size of 220 x 220um and a height of 7—8um; on
its surface, i.e, on the p-InAsSbP layer, a wide square
anode from a multilayer composition Cr-Au(Zn)-Ni-Au was
formed by evaporation in vacuum. The rectangular cathode,
made of a multilayer composition Cr-Au-Ni-Au, was located
to the side of the mesa, as shown in Figure 1. ,,The active®
part of the cathode, located on the surface of n-InAsSb
and providing ohmic contact, had a size of ~ 45 x 200 um,
the distance from the edge of the cathode to the edge of
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Figure 1. Photo of the chip surface from the contacts side (top)
and the diode cross-section diagram (bottom). C — cathode; A —
anode; Si circuit board — silicon circuit board; mesa 1 — main
mesa with active, radiating region; mesa 2 — auxiliary mesa for
connecting the layer of the n-type of conductivity to the cathode.
The vertical arrows show the direction of movement of photons
released from the semiconductor, generated during EL.

the mesa was ¢c_m ~ 45um. ,The passive” part of the
cathode, located on the surface of the auxiliary mesa and
partially on its slope, served for electrical connection with
the conductive busbars of the circuit board. After soldering
the chips onto the circuit boards, the substrate n*-InAs was
removed by chemical etching.

A description of the properties of a LED with a contact
arrangement similar to that shown in Figure 1 can be found
in many works discussing the localization of current flow
and the accompanying distortions of the type of current-
voltage (I—V) characteristics [4,5]. The path of current
flow and the resulting distortion of the | -V curve type are
spatially uneven in the studied samples: the forward current
was not described using the modified Shockley formula,
but increased by power function with increasing voltage:
| oc U4,

The distribution of the EL intensity over the surface
of the diode mounted on the board when powered by
direct current was recorded using an IR microscope with
a cooled matrix detector of 128 x 128 elements based on
InAs, having a maximum sensitivity at the wavelength of
A~ 2.9um and a sharp decrease in sensitivity in the long-
wavelength region of the spectrum (495 = 3.05um) [8].
The low EL intensity near A = 3 um allowed us to carry
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out changes in the spatial distribution of the EL intensity at
high currents through the p—n-junction without upgrading
the original measurement algorithm of the microscope. It
was assumed that the ratio of the EL intensity in the
center of the radiation band (A; = 4.2 um) and away from it
(A ~ 2.9 um) in local regions and in the sample as a whole
did not change with the change of the diode current. The
data obtained were compared with the results of modeling
the EL intensity distribution obtained from the calculated
current density distribution. Due to the low IQE value, as
well as the high degree of absorption of its own radiation in
the active layer of InAsSbg g with a thickness of 7 um [7],
we neglected the processes of redistribution of radiation
inside the chip due to re-emission.

3. Model description

The simulation of the current density distribution j(X,Y)
was carried out in accordance with the equivalent diode cir-
cuit shown in Figure 2. The mesa region was conditionally
divided into strips of equal length Ax (the axis X is directed
from the edge of the cathode to the edge of the mesa). The
area of each mesa element thus allocated was Sy = w - AX,
where w — the width of the mesa. For each element ,,.S*
,vertical (relative to the location of Figure 1) and the lateral
components of the series resistance R were calculated. At
the same time, the vertical resistance was created as follows:
1) by the transition region between the anode and the layer
p-InAsSbP (Ra), 2) the layer p-InAsSbP itself (Rp); 3) by
the layer n-InAsSb (R,). These resistances for each element
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Figure 2. An equivalent diode circuit (top) and a typical view of
the current density distribution along the mesa (bottom).




496

B.A. Matveev, V.I. Ratushnyi, A.Yu. Rybalchenko

S were calculated using the following formulas:

Ra:pa/sx, Rp:pptp/sx’ RU :pntn/sx, (1)

where p, — the specific surface resistance of the transi-
tion region between the anode and the layer p-InAsSbP;
pp and pp, ty, and t, — specific volume resistances and
layer thicknesses of p-InAsSbP and n-InAsSb, respectively.

According to generally accepted concepts, the electric
field lines and, accordingly, the current flow lines do not
intersect. This makes it possible to divide the total lateral
resistance into elements Ry(X), each of which is connected
to its own element of p—n-junction.

The number of elements was £/Ay, where £ — the size
of the mesa along the axis X (see Figure 2). The cross-
sectional area of the element R, (x) was assumed to be equal
to S, - Ax/¢, where S| — the cross-sectional area of the
section of the structure located between the cathode and
the mesa (see Figure 1 and 2). The formula for calculating
the resistance Ry(X) has the form

R¢(x) = px£/(SLAX). (2)

The resistance generated by the n-InAsSbP layer was
defined as the geometric sum of the components R, and
Ry (X)I

Ra(%) = V[(Ru)* + (Ri(x))?]. (3)

The total series resistance for the element S, was
determined using the formula

Rx(X) = Ra + Rp + Rn(X). 4)

Figure 2 shows that with a forward bias, the current from
the anode to the cathode has two possible paths along the
axis X: 1) through the narrow-band active layer n-InAsSb
and 2) through the wide-band layer n-InAsSbP and the
isotypic interface N-InAsSb/n-InAsSbP. In the latter case, the
current along the path 2) will be limited due to the energy
band discontinuity and the presence of potential barriers on
the heteroboundaries [9], similar to the restriction in the
DHS samples InAsSbP/InAs/InAsSbP [10]. The passage
of current through the wide-band layer n-InAsSbP can be
neglected based on this. The |-V characteristics of p—n-
junction was described by a modified Shockley formula:

J = Jo[exp(eUp_n/(BKT)) — 1], (5)

where J, — saturation current density, B — ideality factor,
Up—n — bias voltage at p—n-junction.

The current density distribution j(X) was calculated by
solving the following equation for each element S

J()R«(X)Sc +Up-n(x) = U1, (6)

where the voltage U; was set without taking into account
the impact of resistance Rc_m (see Figure 2), Up_n(X) —
voltage drop at p—n-junction in the local area.

The total current in the diode was calculated by summing
over all elements:

ot = Z J(X)S. (7)

The resistance R;_m was determined using the formula
Re—m = pclew + pne—m/SL, (8)
where p. — specific surface transition resistance between

the cathode and the layer n-InAsSbP, p,, — specific volume
resistance N-InAsSbP, ¢;_n, the distance from the edge of
the cathode to the edge of the mesa (see Figure 1).
The voltage applied to the diode was determined by the
formula
U =U; + lRe—m. (9)

Further, the value of U; was adjusted until a satisfactory
accordance was obtained between the measured and calcu-
lated values of voltage U and current | in the diode.

The values of j(x) obtained by solving equation (6)
were used to calculate the local values of the concentration
of charge carriers n(x). It was assumed that carrier
recombination occurred in the active region n-InAsSb via
two channels: 1) direct interband radiative recombination
and 2) non-radiative Auger recombination. The carrier
concentrations n = n(x) were determined by solving the
following equation for each element S,

j(x)/(ed) = Br 4 Cn¥, (10)

where n = n(x), e — electron charge, d — thickness of the
active region n-InAs, B and C — coefficients of radiative
and non-radiative Auger recombination, respectively.

The internal quantum efficiency (1in(X)) was determined
taking into account the values of n(x):

Nut(X) = (1 +n(x)C/B)~ L. (11)

It was also assumed that the radiation output coefficient
was the same in all local areas of the active region, i.e. the
external quantum output depended only on 7y (X). Taking
this into account the calculated value of L(x) was assumed
to be equal to L(X) = Bn?(x).

The values of the parameters used in the calculations
are given in the table. The recombination coefficients were
determined similarly to [6] by the formulas:

B =3.0-10"""(Ey/1.5), (12)
C =1.2-10""7(E;>) exp(—4.25Ey), (13)

where Eg = 0.3eV, B — in cm3/s, C — in cm®/s.

4. Measurement results and discussion

Figure 3 shows experimental and calculated distributions
of the EL intensity L(x), as well as the calculated cur-
rent density distribution calculated j(x) along the p—n-
junction for three current values. At a current of 1.6 mA!

! Measured values U =0.048V, | = 1.6mA. Calculated values
U=0.048V,] =0.94mA.
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The values of the parameters used for the calculation

Parameter

Values,
given in the literature

Value,
used in the calculation

The transition resistance between the anode
and the layer p-InAsSbP, pa
Resistivity of the layer p-InAsSbP, pp

Resistivity of layers

n-InAsSb and n-InAsSbP, pn

The transition resistance between the cathode
and the layer n-InAsSbP, pc

Saturation current density p—n-junction, jsa

The ideality factor of the | —V characteristics of p—n-junction,

Radiative recombination coefficient, B

Auger recombination coefficient, C

(Figure 3,a) the normalized calculated values of L(x)
and j(x) are close to each other and to the measured
distribution of L(x) along the entire mesa. The value
of nin(X), according to the calculation (see the insert in
Figure 3,a), in the mesa regions furthest from the cathode
Was Nmax ~ 10% (current density jmin(X) = 1.64 A/cm? at
X =220 um) and as it approached the cathode decreased
t0 Nmin ~ 9% (jmax = 2.35A/cm? at X = 0). The ratio of
local EL intensity values Ly in the mesa region closest to
the cathode edge to Ly, in the mesa region furthest from
the cathode edge was Lpax/Lmin ~ 1.2; the corresponding
ratio of local current density values jmax/jmin ~ 1.4. At
the same time, it is obvious that the assumption of direct
proportionality between the local values of the EL intensity
and the current density, i.e. L(X) o j(x), is fulfilled with
sufficient accuracy.

At a current of 6.4mA? (Figure 3, b) there is a significant
difference between the calculated distributions L(X) and
j(X). At the same time, the first agrees satisfactorily, and the
second significantly diverges from experimental data. The
value of Nyt (X) Was Nmax ~ 6.4% in ,distant mesa regions
(X = 220 um, jmin = 7.07 A/em?) and gradually decreased
t0 Nmin ~ 4.4% in the mesa region closest to the cathode
(X =0, jmax = 22.6 A/cm?, see the insert in Figure 3,b).
The ratio of the maximum and minimum local values of the
EL intensity was Lyax/Lmin ~ 2, and the corresponding ratio
of current densities Was jmax/jmin ~ 3. The assumption
L(x) o< j(x), apparently, can still be fulfilled with acceptable
accuracy.

At a current of 64mA?® (Figure 3,c) calculated values
L(x) correspond to experimental values only for ,distant”
areas of the mesa. For the ,of the middle“ part of

2 Measured values U =0.118V, | =6.4mA. Calculated values
U=0.118B, | =5.5mA.

3 Measured values U = 0.48V,
U =048V, =62.5mA.

| =64mA. Calculated values
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1.0-10~*Ohm- cm’

0.065Ohm - cm 0.01—0.1250Ohm - cm ([10],
calculation based on [11] data)
107°~1072 Ohm - cm ([10],
calculation based on data [11])
3.7-107° Ohm - cm? [10]

5.0-1073Ohm-cm

3.0-10~° Ohm - cm?

0.5 A/em? 0.14—0.32 A/ecm? [10]
~ 1 Alem? [12]
1.0 1.37 [10]

1.20- 10~ " cm?/s 1.1-107"%cm®/s [13]
5.107" em®/s [14]
2.2-107% cm®/s [13]

5-107% ecm®/s [14]

6.80 - 10727 cm®/s

the mesa, the calculated values of L(X) are significantly
lower than the experimental ones. This is most likely
due to the imperfection of the model, which does not
take into account the features of the output of radiation
from different regions of the mesa. When moving away
from the edge of the mesa near the cathode, the current
density j(x) decreases significantly faster than the EL
intensity L(x). The value of iy (X) varied from pmax ~ 3.5%
in ,,distant* mesa regions (X = 220 um, jmi, = 44.1 A/cm?)
up to 7Nmin ~ 1.5% in the regions closest to the cathode
(X =0, jmax =618 A/cm?, see the insert in Figure 3,c¢).
The ratio of the maximum and minimum local values of
the EL intensity was Lyax/Lmin ~ 5, and the correspond-
ing ratio of current densities Was jmax/Jmin ~ 10. The
assumption L(X) o< j(X) is obviously no longer strictly
fulfilled. One of the possible reasons for the discrepancy
between the calculated and experimental values of the EL
intensity (L(x)) is the unevenness of the current heating
along the sample. It is quite natural to expect that
the regions with increased current density, i.e. at X ~ 0
in Figure 1 and 3, have a higher temperature than the
regions removed from the cathode (X ~200um). An
increase in temperature in the InAsSb semiconductor solid
solution reduces its internal quantum yield and ,shifts*
the EL spectrum to the region of large wavelengths,
therefore, in our case, the calculated dependence of L(x)
near the overheated region/region with increased current
density (X ~0—100um) turns out to be sharper than
the experimental dependence. On the other hand, the
heated area should be larger than the transverse size of
the mesa due to the lateral spreading of heat; Figure
3 shows that the low (identical) intensity of (thermal)
radiation near the two edges of the mesa (X ~ —0.1mm
and X ~ 0.2mm) does not allow concluding that there
is a significant temperature gradient dT/dXx along the
sample. At the moment, this makes it difficult to conduct

(0.9—1.0) - 10~*Ohm - cm? [10]
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a more detailed analysis of the data obtained, taking into
account the dependence of the spectrum of EL and 7y on
temperature.

Figure 4 shows the calculated dependence of the internal
quantum output on the current density 7in(j). The value
of niy decreased from 10% at j = 1.64 A/cm? to 1.5% at
j = 618 A/cm? with increasing current density according to
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Figure 3. Normalized experimental (Measured) and calculated
(Simulated) distributions of EL intensity L(x), calculated current
density distributions j(X) over the surface of the diode at currents
1.6 (a), 6.4 (b) and 64mA (c). The coordinate X = 0 corresponds
to the edge of the anode closest to the cathode; the axis X is
perpendicular to this edge and passes through the center of the
mesa. On inserts — calculated distribution of the internal quantum
yield of EL (IQE) along the mesa.
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=X
E
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1r
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Figure 4. Calculated dependence of the internal quantum

efficiency (IQE) on the current density j.

the following dependence:
Mm(j) = (1+aj°) 7", (14)

where the approximation parameters are a = 7.52 and
b=0.34. The obtained estimates of the value of the
internal quantum yield are close to the calculated values
given in the work [6], while it is important to note that when
determining it, no assumptions were made about the value
of the radiation output coefficient from the sample — one
of the main sources of errors in determining the internal
quantum efficiency from the measurements of the output
power of LED.

5. Conclusion

Thus, it is shown that the internal quantum efficiency
of the EL can be estimated by comparing its spatial
distribution in samples with current localization with cal-
culated data without taking into account the coefficient of
radiation output from the sample. In diodes based on
double heterostructures InAsSbP/InAsSby os (Ac = 4.2 um),
the internal quantum efficiency at 300K is 7y ~ 10% at
current density j ~ 1 A/em? and decreases to By ~ 1.5%
at j ~ 600 A/cm?, which is important to consider when
designing LED.
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