Low-thermal-mass LEDs: size effect and limits
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Abstract: Low-thermal-mass LEDs (LTM-LEDs) are developed and
demonstrated in flip-chip configuration, studying both experimentally and
theoretically the enhanced electrical and optical characteristics and the
limits. LTM-LED chips in 2525 pm? 50>50 pm? 100%100 pum’ and
200200 pm? mesa sizes are fabricated and comparatively investigated. It is
revealed that the electrical and optical properties are improved by the chip
size due to reduced thermal mass. With a smaller chip size (from 200 pm to
50 pum), the device generally presents higher current density against voltage
and higher power density against current density. However, the 2525 um®
device behaves differently, limited by the fabrication margin limit of 10 pum.
The underneath mechanisms of these observations are uncovered, and
furthermore, based on the device models, it is proven that for a specific flip
chip fabrication process, the ideal size for LTM-LEDs with optimal power
density performance can be identified.

Key words: Light-emitting diodes; Thermal effects; Semiconductor materials; Microstructure

fabrication.

References and links

1. A. Bergh, G. Craford, A. Duggal, and R. Haitz, "The promise and challenge of solid-state lighting," Phys. Today
54(12), 42-47 (2001).

2. M. R. Krames, O. B. Shchekin, R. Mueller-Mach, G. O. Mueller, Z. Ling, G. Harbers, and M. G. Craford, "Status


mailto:exwsun@ntu.edu.sg
mailto:*Volkan@stanfordalumni.org

10.

11.

12.

13.

14.

15.

16.

17.

and Future of High-Power Light-Emitting Diodes for Solid-State Lighting," J. Disp. Technol. 3(2), 160-175 (2007).
I. L. Azevedo, M. G. Morgan, and F. Morgan, "The Transition to Solid-State Lighting," P. IEEE 97(3), 481-510
(2009).

M. H. Crawford, "LEDs for Solid-State Lighting: Performance Challenges and Recent Advances," IEEE J. Sel. Top.
Quant. 15(4), 1028-1040 (2009).

R. Haitz, and J. Y. Tsao, "Solid-state lighting: ‘The case’ 10 years after and future prospects," Phys. Status Solidi A
208(1), 17-29 (2011).

S. T. Tan, X. W. Sun, H. V. Demir, and S. P. DenBaars, "Advances in the LED Materials and Architectures for
Energy-Saving Solid-State Lighting Toward "Lighting Revolution"," IEEE Photon. J. 4(2), 613-619 (2012).

J. Pandey, Y. T. Liao, A. Lingley, R. Mirjalili, B. Parviz, and B. P. Otis, "A Fully Integrated RF-Powered Contact Lens
With a Single Element Display," IEEE T. Biomed. Circ. S. 4(6), 454-461 (2010).

H. W. Choi, C. W. Jeon, and M. D. Dawson, "InGaN microring light-emitting diodes," IEEE Photonic. Tech. L. 16(1),
33-35 (2004).

J. ). D. McKendry, R. P. Green, A. E. Kelly, G. Zheng, B. Guilhabert, D. Massoubre, E. Gu, and M. D. Dawson,
"High-Speed Visible Light Communications Using Individual Pixels in a Micro Light-Emitting Diode Array," IEEE
Photonic. Tech. L. 22(18), 1346-1348 (2010).

J. J. D. McKendry, D. Massoubre, S. Zhang, B. R. Rae, R. P. Green, E. Gu, R. K. Henderson, A. E. Kelly, and M. D.
Dawson, "Visible-Light Communications Using a CMOS-Controlled Micro-Light- Emitting-Diode Array," J.
Lightwave Technol. 30(1), 61-67 (2012).

V. Poher, N. Grossman, G. T. Kennedy, K. Nikolic, H. X. Zhang, Z. Gong, E. M. Drakakis, E. Gu, M. D. Dawson, P. M.
W. French, P. Degenaar, and M. A. A. Neil, "Micro-LED arrays: a tool for two-dimensional neuron stimulation," J.
Phys. D Appl. Phys. 41(9), 094014 (2008).

Z.G.Ju, W. Liu, Z. H. Zhang, S. T. Tan, V. Ji, Z. B. Kyaw, X. L. Zhang, S. P. Lu, Y. P. Zhang, B. B. Zhu, N. Hasanov, X. W.
Sun, and H. V. Demir, "Improved hole distribution in InGaN/GaN light-emitting diodes with graded thickness
quantum barriers," Appl. Phys. Lett. 102(24), 243504 (2013).

Y. Ji, Z. H. Zhang, S. T. Tan, Z. G. Ju, Z. Kyaw, N. Hasanov, W. Liu, X. W. Sun, and H. V. Demir, "Enhanced hole
transport in InGaN/GaN multiple quantum well light-emitting diodes with a p-type doped quantum barrier,"
Opt. Lett. 38(2), 202-204 (2013).

Z. H. Zhang, S. T. Tan, W. Liu, Z. G. Ju, K. Zheng, Z. Kyaw, Y. Ji, N. Hasanov, X. W. Sun, and H. V. Demir, "Improved
InGaN/GaN light-emitting diodes with a p-GaN/n-GaN/p-GaN/n-GaN/p-GaN current-spreading layer," Opt.
Express 21(4), 4958-4969 (2013).

H. W. Choi, M. D. Dawson, P. R. Edwards, and R. W. Martin, "High extraction efficiency InGaN micro-ring
light-emitting diodes," Appl. Phys. Lett. 83(22), 4483-4485 (2003).

S. X. Jin, J. Shakya, J. Y. Lin, and H. X. Jiang, "Size dependence of Ill-nitride microdisk light-emitting diode
characteristics," Appl. Phys. Lett. 78(22), 3532-3534 (2001).

Z. Gong, H. X. Zhang, E. Gu, C. Griffin, M. D. Dawson, V. Poher, G. Kennedy, P. M. W. French, and M. A. A. Neil,
"Matrix-addressable micropixellated InGaN light-emitting diodes with uniform emission and increased light

output," IEEE T. Electron. Dev. 54(10), 2650-2658 (2007).



18. Z. Gong, E. Gu, S. R. Jin, D. Massoubre, B. Guilhabert, H. X. Zhang, M. D. Dawson, V. Poher, G. T. Kennedy, P. M.
W. French, and M. A. A. Neil, "Efficient flip-chip InGaN micro-pixellated light-emitting diode arrays: Promising
candidates for micro-displays and colour conversion," J. Phys. D Appl. Phys. 41(9), 094002 (2008).

19. H. W. Choi, C. W. Jeon, and M. D. Dawson, "High-resolution 128 x 96 nitride microdisplay," IEEE Electr. Device L.
25(5), 277-279 (2004).

20. G. Zheng, S. Jin, C. Yujie, J. McKendry, D. Massoubre, I. M. Watson, E. Gu, and M. D. Dawson, "Size-dependent
light output, spectral shift, and self-heating of 400 nm InGaN light-emitting diodes," J. Appl. Phys. 107(1),
013103 (2010).

21. S. X. Jin, J. Li, J. Z. Li, J. Y. Lin, and H. X. Jiang, "GaN microdisk light emitting diodes," Appl. Phys. Lett. 76(5),
631-633 (2000).

22. H. P. Zhao, R. A. Arif, Y. K. Ee, and N. Tansu, "Self-Consistent Analysis of Strain-Compensated InGaN-AlGaN
Quantum Wells for Lasers and Light-Emitting Diodes," IEEE J. Quantum Elect. 45(1), 66-78 (2009).

23. M. Meneghini, N. Trivellin, G. Meneghesso, E. Zanoni, U. Zehnder, and B. Hahn, "A combined electro-optical
method for the determination of the recombination parameters in InGaN-based light-emitting diodes," J. Appl.
Phys. 106(11), 114508 (2009).

24. V. Fiorentini, F. Bernardini, and O. Ambacher, "Evidence for nonlinear macroscopic polarization in IllI-V nitride
alloy heterostructures," Appl. Phys. Lett. 80(7), 1204-1206 (2002).

25. J. Piprek, and S. Nakamura, "Physics of high-power InGaN/GaN lasers," IEE P-Optoelectron. 149(4), 145-151
(2002).

26. |. Vurgaftman, and J. R. Meyer, "Band parameters for nitrogen-containing semiconductors," J. Appl. Phys. 94(6),
3675-3696 (2003).

27. Z. H. Zhang, S. T. Tan, Z. G. Ju, W. Liu, Y. Ji, Z. Kyaw, Y. Dikme, X. W. Sun, and H. V. Demir, "On the Effect of
Step-Doped Quantum Barriers in InGaN/GaN Light Emitting Diodes," J. Disp. Technol. 9(4), 226-233 (2013).

28. K. A. Bulashevich, I. Y. Evstratov, V. F. Mymrin, and S. Y. Karpov, "Current spreading and thermal effects in blue

LED dice," Phys. Status Solidi C 4(1), 45-48 (2007).

1. Introduction

InGaN/GaN light-emitting diodes (LEDs) are playing an important role in many fields
including artificial  lighting,[1-6]  displays,[5,7,8]  communications[9]™  and
neurosciences[11]. To fulfill the requirements of these different applications, LEDs always
have been designed into various sizes and geometries. As widely accepted, one of the
important applications for GaN based LEDs is general lighting. In this respect, broad-area
LEDs have usually been commonly adopted to meet the requirements of high output power,
high efficiency and reliability.[12-14] The current density of the broad-area LEDs is typically
in the range of 1A/cm? to 100A/cm?. Yet, such LEDs with much larger chip sizes are not
effective in achieving higher light extraction efficiency,[15]™! higher power densities[17] ™!
and faster pulsed operation*® even when operating at higher current densities, which make



them unsuitable for the applications that require high current densities, high power densities
and high speed operation. Therefore, smaller sized LEDs have been proposed, which are
deemed more appropriate for such applications including micro-displays[19] and visible
communications,[10] which typically need the LEDs to operate in the current density range
beyond 1,000A/cm?. To understand why smaller-sized LEDs can sustain higher current
densities and deliver higher power densities, LEDs of different sizes were previously
reported.[20]

In the fabricating process of both conventional and micro-sized LEDs, it is important to
prevent surface recombination on the mesa sidewalls, and the current spreading layer should
therefore be made smaller than the P-GaN mesa.l'®"*724 Nominally, P-contact area is used
as the LED effective area to calculate the current density and power density. However, it is
reported that the current will not stop at the edge of the spreading layer, and instead will
decrease exponentially away from the edge of the P-contact.[17] As a result, the mesa area
around the P-contacts, which is not covered by the metal-contact, will also emit light, even
though not as strong as the covered area. Therefore, there exists a deviation from the effective
area. This deviation will become even larger when the size of the LEDs decreases to several
tens of micrometers. On the other hand, as a conductive path, the distance between the
N-contact and the LED mesa has a big influence on the current spreading and output power of
the LEDs, especially for the smaller sized LEDs.[17] This will place a constraint limiting the
potential improvement achievable with the size effect. However, previous works did not study
these issues or report the limits.

In this work, we developed and comparatively studied LTM-LEDs with their mesa area
varied from 200>200 um? down to 25>25 um? in flip-chip configuration. To make a fair
comparison between the different sizes of the LEDs, we purposely keep the distance between
the N-pad and the LED mesa a constant. Also, we take the mesa area (instead of the P-contact
area) as the effective area for the calculation of the current density and power density, which
is more meaningful and accurate for the assessment of the smaller sized LEDs. The
revaluation of the size-dependent electrical and optical properties of the LTM-LEDs is
carefully studied here, which is found to help to identify the optimized size of the LTM-LEDs
for the high-power density and for high-speed applications.

2. Experiments

The LED epitaxial wafers used in this work were grown on c-plane sapphire substrates by
metal-organic chemical vapor deposition (MOCVD) system. Trimethylgallium (TMGa),
trimethylindium (TMIn), trimethylaluminum (TMAI), and ammonia (NH3) were used as Ga,
In, Al and N precursors, respectively. First, a 3 um thick unintentionally doped GaN was
grown, and then followed by a 55 pum thick N-doped GaN (doping
concentration~5x10'®/cm?), in which silane (SiH,) was used as the dopant source. Then, eight



pairs of Ing15GaggsN/GaN (3nm/12nm thick) multiple quantum wells (MQWSs) were grown.
Next, a 20 nm thick P-doped AlysGaggsN electron blocking layer (EBL) was utilized to
suppress the excess electron overflow into the P-GaN region. Finally, a 200 nm thick P-doped
GaN (doping concentration~3x10%/cm? was grown as the hole source layer. The p-type
conductivity of the EBL and the hole source layer was realized by Mg doping where
Bis(cyclopentadienyl)magnesium (Cp2Mg) was used as the Mg precursor.

Following the MOCVD growth, the LED wafers were fabricated into flip-chip LED
devices using standard micro fabrication techniques. Mesa areas in four different sizes of
25x25 pm?, 50x50 pm?, 100x100 pm? and 200x200 um® were prepared using reactive ion
etching (RIE) on the same wafer. Ni/Ag based metal layers were deposited and annealed in
oxygen ambient as the current spreading layer. The areas of the current spreading layers are
15%15 pm?, 40x40 pm?, 90x90 pm? and 190x190 pm?, correspondingly. Ti/Au (30 nm/1000
nm thick) metal layers were deposited by an e-beam evaporation as the P- and N-contact pads.
The current-voltage characteristics of the LED chips were measured using a LED tester
(M2442S-9A Quatek Group) and the optical output power was measured by an integrating
sphere attached to an Ocean Optics spectrometer (QE65000).

To understand the underlying physics, numerical modeling was performed to reveal the
effect of the mesa size on the electrical and optical characteristics. In our simulations, we
used the APSYS software to self-consistently solve the Poisson equation, the continuity
equation, and Schr&dinger equation with proper boundary conditions. The carrier screening
effect in the InGaN quantum wells was taken into account using the self-consistent six-band
kep theory.[22] The Auger recombination coefficient was set to be 1x10*%cm®s™.[23] The
Shockley-Read-Hall (SRH) lifetime was set to be 43 ns.[23] Simultaneously, due to the
crystal relaxation through dislocation generation during the growth, a 40% of the theoretical
polarization induced sheet charge density was assumed in the heterojunction.[24] In the
Ing15GagesN quantum well regions, the energy band offset ratio AEc/AEy = 70/30[25] was
taken. The other parameters used in the simulation can be found elsewhere.[26] "]

3. Results and discussion

Figs. 1(a) and 1(b) are the experimental measurement and numerical simulation of the current
density-voltage (J-V) characteristics for the LTM-LEDs with different sizes. The computed
results show the same trend with the experimental data for different sized LEDs. From Figs.
1(a) and 1(b), it is clear that the J-V property is improved as the device size decreases from
200200 pm? to 50>60 um?®. Higher current density can be obtained in smaller devices at a
given voltage. Although the simulation results are consistent with the experimental results,
the physical reason of this phenomenon is not straightforward to understand. Therefore, we
further developed a physical model as follows to elucidate the physical mechanisms.
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Fig. 1. J-V diagrams of LTM-LEDs of different sizes for (a) experimental data; and (b) simulated data.
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Fig. 2. (a) Schematic current paths of the LTM-LED and (b) the simplified circuit model for the LTM-LED.

Fig. 2(a) shows the schematic drawing of the current paths of the LTM-LED. The width
and length of the mesa are both L. L, is the distance between the mesa edge and the N-contact
edge. (Lx + Lg) is the N-GaN distance across which Jy is flowing before reaching the
N-contact. H is the thickness of N-GaN after mesa etching. T is the mesa depth which
includes the P-GaN, the MQW:s and part of the N-GaN. In our devices, Ly, H and T are fixed
for all these four LEDs with different sizes. To facilitate the analysis, we further simplified
the equivalent circuit as shown in Fig. 2(b), in which R; denotes the resistance along the
vertical direction from the p-current spreading layer to the N-GaN and R, denotes the
resistance corresponding to L. The current horizontally flowing along the N-GaN can be
divided into m sub-paths, and ry is the resistance corresponding to L, where k=1, 2, ..., m-1
and m, in which m is infinity. As we know, for a fixed bias voltage, the higher the resistance is,
the lower the current is. Based on the above analysis, the current density is heavily influenced
by L. Therefore we use the above model to deduce the relationship between the current
density Jand L.

First, we deduce the resistance Ry, r, and R, between the P-Pad and the N-pad.

R=Yng @
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where $;=L° is the mesa area, S,=LxH, T=YT;and i refers to individual epitaxial layers,
including P-GaN, MQW, and part of N-GaN.
Based on Eq. (1), (2), and (3) we can obtain the current density component J, :
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where R, :ZpiTi and 5 _ Pn-can . Based on Eq. (4), we arrive at the average current
H

density Jave:
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Here, Jae is the current density in our experiments and simulations. Eq. (5) reveals the
relationship between the current density J... and the edge length of the mesa L. To plot the
Jave as a function of L, the parameters a and R, appearing in Eq. (5) have to be estimated.

Based on our experimental result p ..« =4.745%10° Qecm, and H=5.5 um, and therefore

a=8.627 Q. Ryis related to the material properties and device geometry and can be obtained
from a specific experimental result. Taking the device of 50>60 um® as an example, when
V=11.073 V, J=2,000 A/cm? from Eq. (5) we find Ry=5.343x107 Q «cm’. Using the
parameters above, the relationship between the current density and the mesa length (J-L) is
presented in Fig. 3(a). Although R, has an influence on the absolute value of J, it will not
change the trend of this relationship. From Fig. 3(a), it can be seen that J decreases with
increasing L. That is to say, the smaller the size is, the higher the current density is. This well
matches the previously reported results[20] and our observations in Fig. 1. As it is well
known that the N-pad and the mesa have to be separated to prevent the side-wall current
leakage. The distance L, between the N-pad and the mesa is an important parameter to be
optimized as it also affects the characteristics of the current density as shown in Fig. 3(b). It
can be seen from Fig. 3(b) that with the increasing L,, the current density J will decrease.
This is because the resistance from N-pad to P-pad is increasing with L,. Therefore, L, has to
be optimized to fulfill the requirement of both preventing current leakage and increasing the
current density.
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It is worth noting that the J-V improvement in Fig. 1 is less significant when the chip size
is further scaled down from 50560 pm? to 25525 um? This is different from the previously
reported results,[20] where the J-V is improved consistently even when the chip size is
smaller than 50x50 um?. The reason for this difference is that the P-contact area was used as
the LED effective area to calculate the current density in the previous reports while in our
results the mesa area was used. Therefore, due to the fact that the P-contact area is always
smaller than the mesa area (the edge of the mesa is not covered by the metal layer), there is a
limit on the current density improvement with the decreasing device size and an optimal mesa
size should exist and can be found out through numerical simulations. A further detailed
discussion in this report will be conducted later.
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Fig. 4. PD-J diagrams of LTM-LEDs in different sizes: (a) experimental results and (b) simulation results.

Figs. 4(a) and 4(b) show the experimentally measured and numerically simulated power
density-current density (PD-J) diagrams of the LTM-LEDs of different sizes, respectively.
The simulated PD-J characteristics of the studied chips exhibit the same trend with the
experimental ones. It can be seen that the power density is increasing initially with the
increasing current density and then starts saturating and decreasing after reaching a peak
point as the current density further increases for the devices of 200200 pm? 100x100 um®
and 50>50 um®. More importantly, the power density of the smaller chips is always larger
than that of the larger chips in the whole current density range and the peak power density of
the smaller chips is much larger than that of the larger chips at much larger current density.



These characteristics of PD-J of the different sized chips show that the smaller chips are
much superior when operating at high current density and delivering high power density. The
reason behind this is the low thermal mass of the smaller chips, storing less heat. As the
LTM-LED size decreases, r, will become smaller. Accordingly, the heat generated by the
additional ry is 1%rt. This decreased resistance will generate less Joule heat, which is the main
reason for low thermal effect of the smaller chips. The external quantum efficiency (EQE) of
the LEDs is adversely affected by the heat generated in the devices[28]. Since much less heat
is generated in the LTM-LED chips, the EQE is preserved well even at high current density,
and therefore a much improved power density is realized in the LTM-LEDs. It should be
noted in Figs. 4(a) and (b) that as the chip size further scales down from 50>60 um? to 25525
um?, the power density performance starts to degrade. This phenomenon can be explained by
the difference of the areas of the current spreading layer and the mesa. As we have mentioned
above that the side length of the current spreading layer is 10 pm shorter than that of the mesa,
this means high resistance region exists in the margin area, which becomes critical in the very
small device size. To find how the margin area affects the 25>25 um? device, we put forward
a model to analyze the structure.
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Fig. 5.

Schematic view of (a) LTM-LED current spreading layer and mesa margin and (b) the equivalent circuit model for

the margin effect.

Fig. 5(a) shows the general view of the LTM-LED, especially the perceptual intuition of
the current spreading layer and the mesa. Fig. 5(b) shows the schematic diagram of the circuit
of the different current path ways between the current spreading layer and the mesa. R; is the
resistance of the P-pad, which is made of metal, so the resistance is very small. R, is the
resistance of P-GaN in the margin area. R; and R, are the resistance of PN junction, which is
from P-GaN, through MQWs to N-GaN. Rs and Rg are the N-GaN resistance from point C to
point B and point B to N-pad, for which the resistivity is much smaller than that of P-GaN. To
compare the effect of the margin area, we select two current path ways from point A to point
B. One includes the resistance of P-GaN in the margin area, and the other one is randomly
selected just under the P contact area: @ is the path through Ry, R, and Rs, including P-pad,
the margin area and PN junction, which has the current value of I;; @ is the path through R,



and Rs, including PN junction and part of N-GaN, which has the current value of I,. If we
consider the current ratio of @O and @:

| _ R4 + R5 (6)

i‘&+&+&

From Eq. (6), we can see that when R, is much larger than R, Rs, R4 and Rs, Therefore, 1 will
be much smaller than I,. This is the main reason for the similar current density vs. voltage
behavior for the devices with the size of 25>25 um? and 50>60 um? Due to the fabrication
limitation that a margin area without the cover of current spreading layer is inevitable for a
reliable device, with the decrease in the chip size, the current density improvement as a
function of the voltage will be diminished. On the other hand, the ratio of the current
spreading layer area to the mesa area for the 25>25 pum? device is 0.36, much smaller than
that of 5060 um? device which is 0.64. The mesa area without the current spreading layer
cover has much lower optical output power density due to the lower current density.
Therefore, the ratio of the effective radiation area is smaller for the 25>25 um? device. This
leads to the degradation of the power density of the 25>25 um? device compared to that of the
50560 um? size one.

4. Conclusions

In conclusion, the size effect and the fabrication limitation of LTM-LEDs have been
experimentally and theoretically studied and understood. Both experimental and numerical
results show that there exists an optimal mesa size for the current density and power density
performance of the LTM-LEDs with the mesa area different from the current spreading layer
area. Based on this work, as a design rule of thumb for high current density and high power
density LTM-LEDs, three key points can be listed: first, the current spreading layer size
should be made as close as possible to the mesa size; second, an optimum mesa size should
be determined according to the specific layer structures and the design layout; third, the
N-pad should be made as close to the P-pad as possible before any severe current leakage
happens.
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