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Low effective surface recombination in In(Ga)As/GaAs quantum dot diodes

Selim Tanriseven and Brian Corbett?

Tyndall National Institute, University College Cork, Lee Maltings, Cork, Ireland
(Received 22 March 2011; accepted 16 June 2011; published online 8 August 2011)

Size dependent current-voltage measurements were performed on InGaAs quantum dot active region
mesa diodes and the surface recombination velocity was extracted from current density versus
perimeter/area plots using a diffusion model. An effective surface recombination value of 5.5 x 10*
cm/s was obtained that can be reduced by more than an order of magnitude by selective oxidation of
AlyoGag 1 As cladding layers. The values are three times smaller than those obtained for a single
quantum well. The effect of p-type doping in the active region was investigated and found to increase
the effective surface recombination. © 2011 American Institute of Physics. [doi:10.1063/1.3611387]

. INTRODUCTION

As device dimensions decrease and the surface to volume
ratios increase, the role of surface recombination on the per-
formance of devices becomes crucial.'"™* GaAs materials have
one of the worst free surfaces in solid-state electronics.” Sur-
face recombination velocity values of 1-2 x 10° cm/s for
InGaAs quantum wells®’ and 5 x 10* cm/s for quantum dots®
(QD) have been reported in the literature. There has been no
report of an electrically injected InGaAs/GaAs photonic crys-
tal laser at room temperature yet, mainly due to high surface
recombination values of GaAs. To achieve a sufficiently low
surface recombination velocity for practical device applica-
tions, various surface passivation techniques have been investi-
gated including oxide or nitride deposition, native oxide
formation, coating a sodium hydroxide or sulfide film, and
laser annealing.”'® In quantum dot materials, surface recombi-
nation effects are expected to be suppressed compared to bulk
materials because of the carrier confinement in three dimen-
sions to the dots, preventing their diffusion and interaction
with recombination centers at the surface.'' In this paper, we
have characterized the surface recombination velocity in
In(Ga)As/GaAs QD active media p-i-n mesa diodes and com-
pared the results to that of diodes with undoped quantum wells
(QW) and QDs with p-type doping in the active region. In par-
ticular, the role of confining the carrier injection into the active
region of the diode by selective oxidation of the AlGaAs clad-
ding layers was investigated and shown to be a way to reduce
the role of the surface. An effective surface recombination ve-
locity is introduced to account for the reduced carrier concen-
tration at the etched surfaces. A diffusion model is used to
calculate the reduced density at the surface. The scaling behav-
ior of the diode current'®?” was used to characterize the sur-
face recombination velocity and compared with other methods
in the literature.

Il. DESIGN AND FABRICATION

Mesa isolated cylindrical diodes ranging in diameter
from 20 to 500 um were fabricated on self-assembled
In(Ga)As quantum dots on a GaAs substrate grown by NL-
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Nanosemiconductor GmbH (Innolume). The basic layer struc-
ture is a separate confinement p — i — n heterostructure with an
active region consisting of a dot in a well structure with five
stacks of self-organized InAs QDs separated by 33 nm thick
GaAs spacer layers, capped with 5 nm Ing ;5Gag gsAs strain-
reducing quantum wells. The active region is surrounded by
10 nm Al 35Gag gsAs layers and by 900 nm thick n— and p—
doped (1 x 10" ecm™3) AlyoGag As cladding layers. A 200
nm thick, heavily p—doped (10*° cm ) GaAs cap layer and a
500 nm thick n" GaAs buffer layer were used. The interface
between the AlGaAs claddings and the GaAs layers is linearly
graded. The fabrication process started with the definition of
p-type contact pads where Ti/Pt/Au was deposited by electron
beam evaporation followed by alloying. 4.1 um high mesas
were defined by etching through the junction using inductively
coupled plasma etch in BCl; chemistry. An Au/Ge/Ni/Au
alloy was deposited on the back of the substrate as n-metal
contact. Prior to metal deposition the samples were dipped in
1:1 HCI:H,O solution briefly for better adhesion. The actual
mesa sizes were measured by an optical microscope and these
values were used in the calculations.

Selective oxidation of the AlGaAs cladding layers,
which has been extensively used in optoelectronic device
fabrication,lz_18 was investigated here as a means to reduce
the influence of the surface by reducing carrier diffusion to
the etched surfaces. Some of the samples were placed in an
oxidation furnace after the etch step to selectively oxidize
the Al o9Gag 1As layers. One set of diodes were oxidized for
15 min (labeled as “sample B”) and another for 30 min
(“sample C”) in a water vapor only ambient at 420 °C. The
oxidation penetration was analyzed by cross section scanning
electron microscopy (SEM) and found to be linear with a 4
um/hour growth rate.

lll. RESULTS AND DISCUSSION

The forward dark current-voltage (/-V) characteristics
of the diodes were measured as a function of the mesa diam-
eter using a Hewlett Packard 4156 precision semiconductor
parameter analyzer. The measurements were performed at
room temperature by wafer probing in a Cascade Summit
1200 station.

© 2011 American Institute of Physics
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Figure 1 shows the dark current density versus voltage
(J-V) plots of different size diodes for the reference (“sample
A”), and sample C. The insets magnify the graph area around
0.5V. Comparing the insets shows that the current density at
a given voltage is significantly reduced by the oxidation.
Also the larger separation between the curves for the refer-
ence sample shows that size dependence is more significant
in the reference sample, suggesting a higher contribution of
non-radiative perimeter current that can be explained by the
following.

A. Method

Carriers injected into the active region recombine either
in the bulk or at the surface. Therefore the current (/) can be
expressed as the sum of bulk (/,) and surface components
(Iy), and dividing both sides by the diode area (A) gives for
the current density

T =Ty +1J, (P/A), (1)

where J,, is the bulk recombination current density and J; is
the surface recombination current per unit length of the pe-
rimeter (P).%! Therefore plotting J versus P/A, the bulk and
perimeter current contributions can be separated.

Figure 2 shows the measured current density J at 0.5 V
bias, where the non-radiative recombination dominates over
the radiative term while the effects of diode resistance and
high injection are minimal, versus perimeter/area ratio (P/A)
for the three samples. For the oxidized devices, the oxidation
depth is subtracted from the mesa radii. While the bulk
recombination current density extracted from the intercept is
the same for all samples (J, =4.1 x 107> A/em?), the perim-
eter recombination current density J; extracted from the

4

J(Alem?)

04 06 08 1 04 06 08 1
BIAS (V) BIAS (V)

FIG. 1. Current density J of different size diodes as a function of voltage for
samples A (left) and C (right). Solid lines at the bottom are for the largest size
diodes (500 pum diameter) and the size decreases regularly upwards (200 um,
150 pm, 100 pm, 50 pm, 20 pm). Insets show around 0.5 V in detail.
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FIG. 2. Measured current density (/) at 0.5 V vs perimeter/area ratio (P/A)
plot for the reference sample A, sample B (15 min oxidized), and sample C
(30 min oxidized).

slope is reduced by more than an order of magnitude by the
30-min oxidation. Table I lists the extracted J; values. This
reduction in the perimeter recombination current density cor-
responds to a reduction in the effective surface recombina-
tion velocity as follows.

B. Diffusion model

Minority carriers diffuse to the perimeter, because of the
concentration gradient created by the enhanced recombina-
tion around the surface or by the oxidized regions, and
recombine there. Using the notation of Fig. 3 showing the
device structure, in cylindrical coordinates this yields*>

— qDE r:R: qUA = S(l’l(R) - ni>7 (2)

where D is the diffusion coefficient, R is the radius of the
mesa, and #; is the intrinsic carrier density. U, is the rate of
surface recombination that is proportional to the excess car-
rier density at the surface, (n(R) — n;), with a proportionality
constant S called the surface recombination velocity.

The perimeter recombination current per unit length is
found by integrating the surface recombination current den-
sity qU, along the direction perpendicular to the junction,
over the surface of the active region (or the effective surface
diffusion length (L,), which can be approximated by the
active layer thickness for thin (< 0.1 um) active layers23)

b
Jy = qJ Usdz = g(n(R) — n;)SLs, 3)

a

TABLE 1. Perimeter recombination current density and effective surface
recombination velocity values extracted from J vs P/A plots for samples
with different oxidation times.

Sample Ox. time Js (A/cm) Sef (cm/s) n(R)/n(0)
A Ref. 2.1x 1077 5.5 x 10 0.78
B 15 min 43 %1078 1.4 x10* 0.22
c 30 min 1.7 %1078 4.4 x10° 0.06
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FIG. 3. (Color online) Schematics of the structure. R is the mesa radius and
a is the oxidation depth coordinate.

where the carrier density at the surface is assumed to be con-
stant along the surface of the active region. Multiplying and
dividing by the excess carrier density in the bulk (n(0) — n;)
and using n(0) =nexp (¢V/nkT), the saturation part of the
above equation for current density can be written as

Jso = qniSeﬁ‘Lsa 4)

where S =S - (n(R) — n;)/(n(0) — n,) is the effective surface
recombination velocity. Therefore, the perimeter recombina-
tion current density is directly proportional to the effective
surface recombination velocity. Thus, the change in perime-
ter recombination current density extracted from the slope of
Fig. 2 also implies a change in the effective surface recombi-
nation velocity by the same rate.

Taking the intrinsic carrier density of Ing;5GaggsAs at
300 K as®* n;=1.3 x 10® cm ™ and the active layer thickness
as Ly=5x5.8=29 nm (5 QD stack with 5 nm InGaAs layer
and 0.8 nm InAs) effective surface recombination values are
calculated and listed in Table I. The effective surface recom-
bination velocity of reference sample A is found to be
S.p=35.5 x 10* cm/s, which is reduced to 4.4 x 10*> cm/s for
sample C by 30 min oxidation. The last column is the excess
carrier density at the surface of the device relative to the
value at the center.

The carrier density at the surface can be obtained theo-
retically by solving the diffusion equation describing the
transport of minority carriers in cylindrical coordinates for
the given boundary conditions

n(r)—n;

n(0) — n;

| _Kia—1a/M
10aK 14 + 11aKoa

la ]
e (/LM KoL) a<r <R
&)

where « is the radius of the unoxidized part of the device, I,
and K, are the modified Bessel functions of the first and
second kinds of nth order, and M is a constant for a given
radius R given by M = (v I1z + S Iop)/(v K1z — S Kog), where
v is the diffusion velocity. The notation 7,(x/L) = I, is
adopted to simplify repeating long arguments and the same
applies to K.

Io(r/L) r<a,
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FIG. 4. Calculated relative steady state minority carrier distribution for the
reference sample A, sample B (15 min oxidized), and sample C (30 min oxi-
dized). Inset shows relative excess carrier density at the surface as a function
of relative oxidation depth (W/L).

This solution for a diode with radius R =40 um is plot-
ted in Fig. 4 for different values of oxidation depth. D =20
cm?/s, T=0.3 ns are the values used for the diffusion coeffi-
cient and lifetime.”>*” The diffusion length and velocity are
calculated from these values as L =0.7 um and v =2.6 x 10°
cm/s. An iterated surface recombination velocity value of
S =17 x 10* cm/s gives the ratio of the excess carrier density
at the surface to the one in the bulk for samples A, B, and C
as 0.78, 0.22, and 0.06, respectively, which fits best with the
observed reduction in effective surface recombination values
(Table I).

An expression relating the excess carrier density at the
surface to the oxidation depth (W=R — a) is obtained by
substituting 7 =R in Eq. (5)

n(R) —ni _ lorKir +1irKor la
n0) —n;  IoaKia +NaKoa Tir + (S/V)gg’

(6)

which is plotted in the inset of Fig. 4 showing that the excess
carrier density at the surface decays exponentially with
increasing oxidation depth.

C. p-doping and QW comparisons

p-type doping of the GaAs spacer layers in the active
region is used to improve the temperature performance and
the modulation bandwidth of QD lasers.?® The effect of this
p-doping on the surface recombination was investigated
here. In this case the number of dot layer stacks was 10 in
the material structure, and the GaAs spacer layers between
the dots were p-doped. Mesa isolated diode structures with a
range of different sizes were fabricated as previously
described but without oxidation. Figure 5 plots dark current
density versus voltage plots of the different size diodes for
the p-type doped sample. Comparing the inset that is the
detailed view around 0.5 V to the inset of Fig. 1 with same
scales for samples A and C, it is seen that current density of
the p-type doped sample is higher than the undoped sample’s
at the same voltage levels.
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FIG. 5. Current density J of different size diodes as a function of voltage for
the sample with p-type doped GaAs barrier layers. (b) Extracted current den-
sity at 0.5 V vs P/A ratio plot for that sample.

Figure 5 (right) shows the measured current density J at
0.5 V bias, for different size diodes versus perimeter/area ra-
tio. The bulk recombination current density extracted from the
intercept of the linear fit to data is J,=6.1 x 10~* A/cm?, and
the perimeter recombination current density extracted from
the slope is J;,=3.0 x 10~ ’A/cm. Calculating the effective
surface recombination value from the J; value we get
Ser=1.6 x 10° cm/s. Compared to the undoped structures, the
higher value of surface recombination velocity for structures
with p-doped barriers can be explained as follows.

The rate of surface recombination U, in Eq. (2), the
number of carriers recombining at the surface per unit area
per unit time, describing the kinetics of surface recombina-
tion is given by the results of Shockley-Read and Hall

2
ngPs — 1;

Us = oV N;———,
’ rns+ps+2ni

)

where N, is the density of recombination centers, ov is the
capture cross section-thermal velocity product, and ngpg
denotes the electron and hole carrier concentrations at the
surface. Defining the product ovN,, with dimensions centi-
meters per second, as sy and taking p; = n, for intrinsic active
materials, this gives

Us = s0/2 (ng — no). (8)

Comparing that with Eq. (2) again, the surface
recombination velocity is given by S =s5,/2 = 0VNy,.

For the sample with the p-doped GaAs barrier layers in
the active layer, the picture is a bit different. The hole con-
centration in the barrier layers is equal to the doping concen-
tration (N, =5 x 10'7 em ™), which will also diffuse into the
well layers and the QDs because of their small dimensions
compared to diffusion length scales. Therefore, taking
p =~ N, for low-level injection and using noN, = n?, recom-
bination rate for sample with p-doped barriers is given by

J. Appl. Phys. 110, 034508 (2011)

Ny

e — . 9
g+ ps + 2m; (ns = m0) ®)

s =S

Using also the fact that Ny > n, n; for low-level injec-
tion we get S ~ s,. Therefore, surface recombination veloc-
ity in the p-doped sample was expected and found to be
higher than for the undoped samples.

Finally, to compare with quantum wells, devices were
fabricated on a 7 nm single Ing ;;Gag goAs layer active region
quantum well wafer with a peak emission at around 980 nm.
The effective surface recombination value calculated by a
similar analysis for the single quantum well is found to be
Sep=1.6 X 10° cm/s, about three times higher than the value
when quantum dots are incorporated in the active region.

IV. SUMMARY AND CONCLUSION

In conclusion, surface recombination on In(Ga)As/GaAs
quantum dot active region mesa diodes was investigated by
simple size dependent current-voltage measurements. A low
effective surface recombination value of 5.5 x 10* cm/s and
an iterated surface recombination velocity value of
S =7 x 10" cm/s were obtained agreeing well with values in
the literature found by other methods. More than an order of
magnitude reduction in the effective surface recombination
velocity is achieved by selective oxidation of Aly¢Gag As
cladding layers. This is due to the effectiveness of the oxida-
tion in reducing the minority carrier density at the surface.
Compared to a single InGaAs quantum well, these surface
recombination values are about three times smaller. The
effect of p-type doping in the active region was also investi-
gated and found to increase surface recombination. To sum-
marize, surface recombination in In(Ga)As/GaAs quantum
dot active region mesa diodes are lower compared to quan-
tum wells as expected due to carrier confinement by dots.
Further reductions can be achieved by keeping the carriers
away from the surface by oxidizing the claddings, while p-
doping the active region can increase it.
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