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Fig. 4. (a) I–V and (b) L–I of layout A. (c) I–V and (d) L–I of layout B.

and luminous intensity are normalized to the pixel area as a
direct measure of display brightness. The current, on the other
hand, is normalized to the active area because in the light
of earlier investigations [7], [10], [19] this allows the best
comparison between the slightly differently sized mesas of
layouts A and B.

Earlier studies investigated the dependence of the (I–V )
and luminance–current (L–I ) characteristics of GaN LEDs as
a function of LED size [7] and showed significant variation.
Similarly, the I–V and L–I characteristics of a densely packed
LED array both vary with the number of pixels that are
switched ON, as shown in Fig. 4. Interestingly, the L–I curves
are almost identical and the major difference is due to the
slightly different LED fill-factor of the two devices. This is
discussed in Section II-D. However, clear differences can be
seen in the I–V curves.

In both layouts, the I–V shows a higher resistance per
pixel the more pixels are switched ON. This multipixel droop
depends on both the pixel number and the operating voltage.
Close to turn ON, the I–V is independent of the pixel number.
However, at voltages that significantly exceed turn ON, a large
number of pixels will draw a smaller current density than a
small number of pixels, i.e., there is a crosstalk between the
pixels that reduces the current per pixel.

By comparing Fig. 4(a) and (c), we see that the multipixel
droop is less severe in layout B, indicating that a suitable
layout of the n-contact can alleviate the multipixel droop.
This finding is well-aligned with an observation in [20] that
the n-contact layout is generally important for high
performance of lateral-injection LEDs.

Fig. 5. L–V characteristics of (a) layout A and (b) layout B. Left y-axis:
optical output power density normalized to the pixel area (100 × 100 μm2).
Right y-axis: equivalent display luminance for an emission wavelength of
450 nm and a Lambertian emission profile.

The impact of this phenomenon on the display performance
shows up in the luminance–voltage (L–V ) characteristics
shown in Fig. 5. At low voltages, the L–V curves overlap
but at higher values they fan-out significantly. This means
that above a certain drive voltage the brightness changes
upon switching ON and OFF pixels are too large for useful
display operation. As indicated in Fig. 5, this operating point
for maximal brightness has approximately three times higher
optical output power in device B than in device A despite the
slightly lower LED fill-factor.

Patterns with larger pixel numbers are compared in Fig. 6 at
a constant operating voltage, showing clear multipixel droop.
Layout B has generally higher brightness and the relative
droop is less severe (54% for layout A and 45% for layout B
when switching on a 10 × 10 array). When the full array is
switched ON, the power density has dropped to 8.8 W/cm2.
Notably, by raising the voltage from 3.6 to 3.8 V, the bright-
ness of the full array was raised to 11.5 W/cm2, i.e., only
moderate adjustments to the operating voltage are needed to
maintain good uniformity.

D. Thermal Effects

The influence of device heating on the multipixel droop
can be assessed indirectly from the L–I characteristics and
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Fig. 6. Optical output power of the display at a constant drive voltage of
3.6 V as a function of pixel number up to a large scale. Note that the power
is normalized to the pixel area (100 × 100 μm2) and not to the active area
(85 × 85 μm2 for device A and 80 × 80 μm2 for device B). Vertical lines:
pixel numbers corresponding to the patterns are shown in Fig. 3.

Fig. 7. Peak optical power normalized to pixel area of 10-ns pulses at 8.3 V
and 100-Hz repetition rate as a function of pixel number.

directly by thermal imaging. At high currents, heating causes
thermal rollover of the optical output power. It can be noted
though that rollover occurs at lower current densities, the more
pixels are switched ON. This means that cumulative heating
has an impact on the device performance and will need to be
addressed when pushing display brightness toward and beyond
the 107 cd/m2 mark.

Interestingly though, we find that the observed multipixel
droop is not entirely of a thermal nature. A first evidence
for this is given by nanosecond pulsed operation at low duty
cycle, where virtually no cumulative heating occurs. Fig. 7
shows the optical output power when operating with pulses of
10-ns duration (achieved by switching the CMOS transistors
with an external clock signal) at a duty cycle of 10−6.
In this configuration, no device heating will occur, yet a
significant (factor 2) multipixel droop is observed. Note that
layout B performs slightly better in pulsed operation, which
is remarkable considering the different LED fill-factor.

Fig. 8. L–I characteristics of two pixels at different relative position in
(a) layout A and (b) layout B. Dashed gray curves: single pixel
L–I characteristics of all the individual pixels involved in this
measurement.

Further evidence is obtained in dc operation. Fig. 8
compares the L–I characteristics of two pixels switched ON

simultaneously and the two pixels are either adjacent to each
other or separated by some distance. When the two pixels
are adjacent to each other, thermal rollover occurs at ∼75%
of the current density at which the single pixels rollover.
However, when the two operated pixels are several
hundred micrometers apart, the thermal rollover is not
changed. First of all, this indicates that heat is efficiently
spread across the die. Notably though, this behavior is identical
for both layouts. This indicates that the thermal property is not
responsible for the different multipixel-droop behavior of the
two layouts.

To gain better insight into the temperature distribution in the
device, we used a thermal infrared camera. Fig. 9(a) presents
the junction temperature of a single pixel as a function of
current density (kept below rollover). There is no significant
difference between layouts A and B. Device B has mar-
ginally lower temperatures due to the lower LED fill-factor.
Note that the observed junction temperatures are lower than
usually reported for GaN-based LEDs under similar driving
conditions [21]. We attribute this to improved heat sinking via
the bump bonds to the CMOS chip and the small size of the
LED pixels.

An example of a thermal image of the device with two pixels
switched ON is given in Fig. 9(b). In this case, the pixels
have a temperature of ∼35 °C and the whole die is heated
up to 32 °C. Here, the device was operated at a voltage
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Fig. 9. Thermal performance analyzed by IR imaging. (a) Junction temper-
ature for a single pixel. (b) Image of two pixels switched ON simultaneously
(layout B, four pixels spacing). (c) and (d) Temperature profiles of two pixels
with different spacing operated at 4.8 V for (c) layout A at 0.78 kA/cm2 and
(d) layout B at 1.28 kA/cm2.

of 4.8 V and a current density of 1.28 kA/cm2, which is well
below thermal rollover. For a better quantitative comparison,
Fig. 9(c) and (d) shows the temperature profile along a cross
section through the centers of both pixels for different pixel
spacing. The voltage was kept constant at 4.8 V and, therefore,
layout A operated at 60% of the current density of layout B
and consequently it had a lower temperature. If the pixels are
spaced apart by 100-μm separation or more, their temperature
is independent of the pixel spacing. In this case, the mutual
heating of the pixels is enabled by the uniform widespread
heating across the whole die. Only for directly adjacent pixels,
a rise in junction temperature can be seen by thermal imaging.
Even then, the temperature of the whole die is the same as for
any other pixel spacing.

III. THEORETICAL INVESTIGATION OF

THE CURRENT DISTRIBUTION

The experimental results indicate that the current
distribution within the n-layer of the devices is important.
Therefore, the current density was calculated from a finite-
difference model implemented in MATLAB [22], [23]. Here,
thermal effects are neglected, highlighting the impact of the
n-contact layout on the current distribution in the structure.
The following material parameters were used:

nn = 5 × 1018 cm−3 n p = 1017 cm−3 (1a)

μn = 200 cm2/Vs μp = 1 cm2/Vs (1b)

ρc,n = 10−5 �cm2 ρc,p = 10−5 �cm2 (1c)

Fig. 10. Schematic of the modeled devices. (a) Layout A1. (b) Layout A2.
(c) Layout B. Light gray: mesa area. Dark gray: area covered by n-metal.

where nn and n p are the electron and hole concentrations in
the n- and p-doped regions, μn and μp are the corresponding
carrier mobilities, and ρc,n and ρc,p are the contact resistivities
of the metal contacts to the n- and p-doped semiconductor
regions. The junction was described as an ideal diode with
saturation current jsat = 10−9 A/cm2, ideality factor n = 5,
and room temperature Boltzmann factor kT = 27 meV.

Fig. 10 shows the schematic of the three modeled devices,
labeled A1, A2, and B for easy comparison with the devices
in Section II. All of them consist of three 10 × 10 μm2

mesas with a mesa height of 1 μm and a total semiconductor
thickness of 3 μm, of which 200 nm are p-doped and the rest
n-doped GaN. These devices are smaller than the LEDs in
the experimental section in order to reduce the computational
effort. The difference between the devices is the layout of the
n-contact. Layouts A1 and A2 have no n-contact in between
the mesas, whereas layout B has a metal stripe between each
mesa. Design A1 has a single n-contact on one side of the
device. This is known to cause current crowding effects at
high current densities [24], [25]. In layout A2, the pixel group
has n-metal contacts on both sides, which is typical for high
LED fill-factor arrays and provides good uniformity at low
current densities [3]. Finally, design B has n-contacts
surrounding each mesa individually.

We look first at the operation of a single pixel at a
bias voltage of 4.5 V. Under these conditions, a relatively
uniform (<10% variation) current density of ∼700 A/cm2

passes through the junction of the biased pixel. Fig. 11 maps
the current density distribution along a cross section through
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Fig. 11. Current density distribution in the devices shown in Fig. 10 when
a voltage of 4.5 V is applied to the center pixel and the side pixels are
left at 0 V. (a) Cross-sectional view at y = 5 μm through the device A1
shown in Fig. 10(a). (b) and (c) Correspond to layouts A2 [Fig. 10(b)] and
B [Fig. 10(c)], respectively.

Fig. 12. Similar to Fig. 11, current density cross sections through the devices
in Fig. 10. A bias voltage of 4.5 V is applied to all three pixels.

the device. It can be seen that the asymmetric n-layout
(device A1) suffers from significant current crowding toward
the single n-contact. In the symmetric layouts, the current
injected into the center pixel is evenly distributed to the
two closest n-contacts, giving similar peak current densities.
Note also that in layouts A1 and A2 high lateral currents
flow underneath pixels with 0 V bias. Even though there is
no vertically injected current in these pixels, the current
density in the n-layer is still large due to the current injected
at adjacent pixels.

Fig. 12 shows the current density distribution when all
pixels are operated simultaneously. It can be seen that current
crowding effects at the mesa edges and n-contact edges
are only minimized when each mesa is surrounded by its
own n-contact regions [layout B, Figs. 10(c) and 12(c)].
Furthermore, the asymmetric n-contact [Fig. 12(a)] leads to
current crowding toward the n-contact [24].

Section II-C demonstrates that the multipixel droop is
an effect of increased parasitic differential resistance upon
switching ON several pixels. It was shown in Section II-D
that this differential resistance cannot solely be attributed to
device heating and that the n-contact layout has an influence
on this effect. The simulation confirms that a major difference
between the layouts is the current density distribution. This
suggests that there may be a link between current crowding
and the multipixel droop. For example, the n-GaN conductivity
may change nonthermally as a function of current density.
This interpretation is in line with earlier observations that
the drift velocity of electrons in semiconductors rolls over at
high electric field strength [26], i.e., effectively the electron
mobility μn decreases at high current density.

IV. CONCLUSION

High brightness CMOS-controlled microdisplays can
be made on the basis of GaN flip-chip micro-LEDs.
Limiting factors to the achievable luminance include the
current handling capability of the control electronics, the
current distribution within the LED structure and thermal
management. In particular, it is demonstrated that careful LED
design toward optimal current distribution in the n-GaN layer
is crucial for obtaining the highest possible display luminance.
These design considerations may have impact on the
fill-factor, pixel size, and resolution. Furthermore, we show
that in high-brightness dc and pulsed operation an electrical
crosstalk occurs, which is caused by a nonthermal increase
of differential resistance and may be linked to current
crowding.
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