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Outline

• Yep - GaN started at the University of Chicago.

• At NRL - Yes it’s a job - but where’s the research?

– GaN decomposition kinetics.

• At Sandia – Adventures in Solid State Lighting

– Are InGaN/GaN interfaces fortuitous for light emission?

– How to control InGaN/GaN interface roughness.

– Using H2 to structure InGaN/GaN interfaces - 2D to 3D.
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First Synthesis of GaN
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Published in J. Phys. Chem. 36, 2651-2654 (1932). Yep that’s JPC not JCP



First Synthesis of GaN
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Heating GaN in 
flowing H2 to 800 ºC 
produces a weight 
loss.

Decomposition!

More on this later.

Need high temperatures 
for growth. 
Ammonia dissociation is 
catalytic.

Published in J. Phys. Chem. 36, 2651-2654 (1932). Yep that’s JPC not JCP
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MOCVD Growth of GaN

Chemistry: Ga(CH3)3 + NH3 → GaN + 3 CH4

Al(CH3)3 for AlGaN and In(CH3)3 for InGaN

Dynamics: transport, adsorption, desorption,   
diffusion, incorporation, 

decomposition … 

Interesting 
since the 
details can be 
quite complex 



GaN Decomposition Studies

• Covered in the first GaN synthesis (by JPC in JPC)

• Initiates at 600 to 1000 °C.

• Depends on annealing conditions.

• Wide range of measured activation energies (EA).

– EAs from 0.4 eV to almost 4.0 eV.
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Growth  = Incorporation – Decomposition

For growth, Incorporation > Decomposition



GaN Decomposition Kinetics
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1.                                            weight (initial)GaN

2.                                            weight after heatingGaN

3.                                            weight after removal
of metallic Ga (HNO3)

GaN

4.                                           weight of bare sapphire
sapphire

From 4 measurements ...

Mettler Analytical Balance 
Weight to within 0.1 mg



GaN Decomposition Measurements
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GaN

GaN

GaN

sapphire

A). GaN decomposition (3 – 1).

B). Surface Ga metal (2 – 3). 

C). Ga desorption rate (A – B)

D). Bare sapphire to convert to 
rate per unit area (4).

1.            

2.                                            

3.

4.                                           

The following rates can be determined…

D.D. Koleske , et al., Journal of Crystal Growth 223, 466 (2001).



GaN Decomposition Measurements in H2
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• GaN decomposition rate increases as the H2 pressure increases.

– In H2 and NH3 flows, ~ 10 - 100 times slower. 

– N desorption rate can exceed the Ga desorption rate – see Ga droplets.

• This work resulted in 5 papers and several invited talks.

Balance           +        Microscope     =                      Applied Science
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Arrhenius Plot of GaN decomposition rates in H2
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• Four different 
slopes suggests 
four different rate 
limiting 
mechanisms.

• Behavior different 
at low pressure   
(≤ 76 torr) vs. high 
pressure (≥ 150 
torr).



D.D. Koleske et al., JCG 223, 466 (2001).

Summary: Kinetic Parameters for GaN decomposition
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EA = 3.4 eV
N2 formation and desorption

Low P, high T

Grouping of EA’s and Possible Rate Limiting Steps

D.D. Koleske et al., JCG 223, 466 (2001).

EA = 1 eVN2 Hx desorption - Low P, low T

NH3 desorption, High P, low T EA = 1.7 eV

Ga(l) diffusion, High P, high T EA = 0.4 eV
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Ga desorption EA = 2.7 eV



• MOCVD reactor – Veeco D125 short-
jar - 3-2” wafers simultaneously.

• Precursors – trimethyl sources of In, 
Al, and Ga, and cp2Mg and SiH4 for p-
and n-type doping.

• Gases – NH3, N2, H2 (no H2 for 
InGaN) 

• Temperature – GaN at 1050 °C, 
InGaN at 680 – 880 °C.

loading chamber

growth chamber

mass flow controllers

pyrometers

mass flow controllers



Why Solid State Lighting?
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On Feb. 2013, Cree XLamp - CCT= 4400K, 0.35 A, 276 lm/W

Power Conversion 
Efficiency

Incandescent ~ 5%

Fluorescent ~ 20%

SSL Goal ~ 50%
J.Y. Tsao, IEEE Circuits & Devices 20, 28 (2004).J.Y. Tsao, IEEE Circuits & Devices 20, 28 (2004).

DOE has a stated goal of producing SSL with 
50% wall-plug efficiency by 2025 ( > 200 lm/W )

Luminous efficacy from conventional light sources has stagnated for the last 50 years

LED package ~ mid 1990’s
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Cree® XLamp CXA3590 
10,000-18,000 lumens

maximum current 150 A



With high dislocation density, how can InGaN LEDs be so bright?

• High brightness LEDs are typically grown 
on high dislocation density GaN (109 cm-2).

• Dislocations believed to be non-radiative 
recombination centers

• Carrier diffusion are lengths minimal

High efficiency suggests some type of carrier localization; the exact nature of which is unknown!

Energetic screening 
around dislocations

Hangleiter, PRL 95, 127402 (2005).

Thinner 
QWs 
around 
v-defects

Gerthsen, Phys. Stat. A Sol. 177, 145 (2000).

Quantum dot 
formation or 
compositional 
modulation 

Narukawa, APL 70, 981 (1997)

Graham, JAP 97, 103508  (2005)

QW thickness fluctuations coupled to strong piezoelectric fields

Chichibu,  Nat. Mat.  5, 810  (2006)

Holes localized 
at In-N valence 
states, followed 
by exciton
formation and 
light emission.
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Evidence for carrier localization at InGaN/GaN interfaces
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Assuming random alloy and indium distribution:

Holes strongly localized at bottom interface in regions 
of higher indium content.

Electrons less localized at the top interface and the 
degree of localization might be enhanced  by mono-

layer well width fluctuations.

Watson-Parris et al., Phys. Rev B 83, 115321 (2011).

Random 
indium 

distribution 
in a QW 
with an 
average 
indium of 

25%. 

Very localized < 2 nm

less localized 
~ 6 – 10 nm

The calculated ground state probability density 
of an electron (red) and a hole (green). 
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Typical
LED
structure

Is InGaN/GaN interface roughening is fortuitous?

An isoconcentration surface based on APT 
data illustrating the roughness of the lower 

and upper interface of an InGaN QW.
Oliver et al. J. Phys. D: Appl. Phys. 43, 354003 (2010).



Observation of increased multi-layer steps in green MQWs

1 μm x 1 μm

GaN n-type

c-plane sapphire

InGaN QW

GaN barrier layer

InGaN QW

GaN barrier layer

GaN n-type

c-plane sapphire

InGaN QW

GaN barrier layer

InGaN QW

GaN barrier layer

InGaN QW

GaN barrier layer

GaN n-type

c-plane sapphire

GaN barrier layer

10 nm thick LT GaN 
barrier layer  has 

the same step 
structure as the  

underlying HT GaN.

GaN n-type

c-plane sapphire

InGaN QW

GaN barrier layer

Addition of single 
3 nm InGaN QW 
capped with 1.5 

GaN barrier layer
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Single layer steps decrease

Multiple layer 
steps increase

As the number of QWs increases the number 
of multiple layer steps increases, but reaches 
a steady configuration after the 2nd QW.

Multiple layer steps preferred to reduce layer 
strain, however strain reduction per layer is 
only a 1 - 2 % at most.

Details in D.D. Koleske et al. APL 97, 071901 (2010).

1 μm x 1 μm1 μm x 1 μm1 μm x 1 μm
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Observation of increased multi-layer steps in green MQWs



Power Spectral Density and Smoothing Mechanisms
Stan Williams talk at U of C in ~1990 – see Tong and Williams in Ann. Rev. Phys. Chem. 45, 401 (1994).

Use AFM image and calculate the height-height correlation function = PSD

PSD or g can be calculated from h(x,y) as a function of q, where q = 1/r. 

n = 1 - plastic flow driven
by surface tension

n = 2 - evaporation and
recondensation

(gas phase)
n = 3 - volume diffusion
n = 4 - surface diffusion

g(|q|, t) 


cn|q|n

Exponents derived by C. Herring, 
J. Appl. Phys. 21, 301 (1950).

Smoothing mechanisms

-10

-5

0

5

-3 -2 -1 0 1 2 3 4

Log
10

 (|q|)

stochastic 
roughening

nonstochastic 
roughening

n = 4

n = 3

n = 2

n = 1

smoothing
exponents

larger r                smaller r

PSD essentially is a  
length scale roughness!



PSD analysis shows a change from gas 
phase diffusion (n = 2) to surface diffusion    
(n = 4) mechanism as the number of QWs 
increases.

Develop a peak in the PSD at 100 nm.

QW intensity 3 QWs > 2 QWs >> 1 QWs

1 μm x 1 μm1 μm x 1 μm1 μm x 1 μm
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Observation of increased multi-layer steps in green MQWs



Growth temperature used to control step morphology

In general the number of multiple step heights is 
higher for 800 °C GaN barriers compared to 900 
°C GaN barriers.

Fewer multiple step heights – smooth interfaces

Frequency vs. 
Step Height

Keep green QW growth conditions (730 ºC) the same.
800 ºC – surface diffusion dominant
900 ºC – gas-phase diffusion dominant

800 °C                                  900 °C

V-defects

GaN barrier

GaN barrier

GaN barrier

GaN barrier

GaN barrier

Vary the 
GaN barrier 
growth 
temperature

MQW sample structure

1 μm x 1 μm
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D. D. Koleske et al., JCG 391, 85 (2014).

Growth temperature used to control step morphology

900 °C GaN barriers → n = 2 – sharper interfaces.

800 °C GaN barriers → n = 4 – rougher interfaces.

The PL intensity higher for 800 ºC barriers than for 
the 900 ºC barriers.

Suggests that some degree of interface roughness 
increases carrier localization?

rougher
smoother

PSD

rougher

smoother

XRD

rougher

smoother

PL



Use temperature ramp after QW growth to create discontinuous QWs

Generating discontinuous QWs for improved emission
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TEM images of MQWs grown by four different methods: 
(a) 1T, (b) Q2T, (c) T-bounced, and (d) 2T.

Discontinuous QWs ((c) and (d)) are better!

Cambridge work - R.A. Oliver, et al., APL 103, 141114 (2013).

good                            best

worst

For MQWs grown by 4 different methods: 
Low power internal quantum efficiency (IQE) 
determined by temperature dependent PL at 
6 W cm-2.

Can also use H2 after QW growth 
to create discontinuous QWs.

best

worst



Hydrogen: The magic InGaN eraser
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3 μm x 3 μm

170 nm dilute 
InGaN layer 

0.75 nm SQW then H2 exposure

1 μm x 1 μm

Dilute InGaN layer 
(170 nm thick)

2h 2h

Grow In0.14Ga0.84N QW 
(about ¼ thickness of typical QW)

Add 2 SLM H2 for ¼ min. 
(discontinuous QW etching)

InGaN islands preferentially line outer step edge – lower strain region



Hydrogen: Discontinuous MQWs
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• Adding H2 to GaN capping layer after InGaN
QW growth results in holes in QW. 

• Ga atoms left over from the InGaN etching 
result in GaN lumps.

• GaN capping layer smoothens the surface

• PL emission intensity improved in these QWs

1 μm x 1 μm

After full QW, 
H2 + GaN    
growth

After full GaN 
barrier 
growth

GaN barrier

MQW sample structure

GaN barrier

GaN barrier

GaN barrier

GaN cap

GaN lumps GaN barrier

H2

dose InGaN 
QW

Est. IQE 

~ 80 %
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InGaN barriers growth conditions
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TMGa

H2

QW 
growth

Barrier 
growth

next QW

For InGaN
barriers

0.5 SLM H2

1.0 SLM H2

2.0 SLM H2

3.0 SLM H2

Use the same 
indium flow for the 
QW and InGaN 
barrier growth.

Grow both the QW 
and barriers at the 
same temperature 
730 – 770 ºC.

Increase the 
amount of H2

flowing during the 
InGaN barrier 
growth.

Flow 9 indium atoms for each gallium atom, growth rate dominated by 
gallium flow rate – indium desorption rate high, gallium desorption rate low.

D.D. Koleske et al., JCG 390, 38 (2014).



XRD of 5 period MQWs with InGaN barriers
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ω/2θ radial scans

Using dynamic diffraction 
analysis software, the indium 
composition and thicknesses of 
the QW and barrier can be fit.

Here, growth at 750 ºC



Indium incorporates because it gets buried 
so In(s) depends on In(surf). 

Mechanism for indium removal from surface
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In(g) ⇌ In(surf) → In(s).

In(surf) + n H2(g) → In(surf) + 2nH (surf) → InH2n(surf) → InH2n(g ).     (2) 

d[In(surf)]/dt = kads [In(g)] – kdes(1)[In(surf)] – kincorp[In(surf)] – kdes(2)[In(surf)] [H2]
n

[In(surf)] / [In(g)] = 1 / ({kdes(1) / kads + kincorp / kads} + kdes(2) / kads [H2]
n).

Adsorption (fast)       Incorporation (slow)

Desorption (fast)

indium

galliumTwo channels for indium desorption

In(surf) → In(g).       (1)

The indium surface coverage at any time is

Soon after the indium is turned on and for most of the growth, d[In(surf)]/dt = 0 
and after some arrangement, we get,

Incorporation

Desorption

Adsorption



Fit to InGaN QW and barrier data
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[In(surf)] / [In(g)] = 1 / {kdes(1) / kads + kincorp / kads} = x

For the QWs no H2 and [In(g)] is constant so,

Fit is equal the indium concentration in the QWs as 
shown by the dashed lines at the three growth 
temperatures.

[In(surf)] / [In(g)] = 1 / (1/x + kdes(2) / kads [H2]
n)).

For the InGaN barriers as the H2 increases,

Fits are shown by the solid lines, if kincorp is small, then

Temperature , ºC         kdes(2) / kdes(1) 2n 
770 1.36               1.6
750 1.69 2.5
730 1.04 2.6

Suggests indium removal by InH, InH2, InH3 depending 
on InGaN growth temperature.
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Initial GaN growth is 3D then 2D

After the film has coalesced – 109 cm-2 dislocations are observed. 

TEM courtesy of D. M. Follstaedt

Dislocations primarily generated during grain coalescence



Typical LED structure and growth procedure

GaN n-type

GaN barrier layer

UID GaN

GaN barrier layer

GaN barrier layer

GaN barrier layer

InGaN QW

InGaN QW

InGaN QW

InGaN QW

InGaN QW

c-plane sapphire

AlGaN p-type

(In)GaN p-type

n-type 
contact

p-type contact

GaN bulk on top of annealed NL.
Heat NL to 1050 °C in NH3, H2, and N2.

GaN nucleation layer at 530 °C, 500 torr.
Anneal sapphire in H2 to 1050 °C.

GaN barrier raise temperature to 800 °C then back down 
to QW growth temperature.

InGaN QW growth at 760 °C for blue and 730 °C for 
green LEDs – use only N2 and NH3, 300 torr.

p-type GaN grown at same temperature as electron block.

p-type AlGaN electron block grown at ~ 970 °C for blue 
and 930 °C for green – add H2, 200 torr.

During growth changes in temperature, gas 
flows, molar flow rates, and pressure

Established growth conditions, 
however issues with MOCVD reactors



MQWs on thick InGaN provide some strain relief

S.R. Lee et al. JCG 355 (2012) 63. 

outward curving steps > inward curving steps

Have achieved IQE of 90 % in blue QWs in APL 101, 241104 (2012). 



Lee et al. J. Crystal Growth 355, 63 (2012)
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Fig. 2. Schematic diagrams of interfacial grading in InGaN/GaN

MQWs showing (a) true compositional grading at a compositionally 

diffuse interface and (b) apparent compositional grading arising from 
lateral averaging along a roughened or stepped but compositionally 

abrupt interface.The laterally averaged composition, x, plotted versus 

depth, h, appears similar for both true and apparent grading. 

Fig. 3. Schematic diagrams of lateral thickness variations in 
InGaN/GaN MQWs showing (a) a microscopic lateral variation in film 
thickness and (b) a macroscopic lateral variation in film thickness. 
With in superlattices, a lateral variation in film thickness, h, manifests 
as a lateral variation in superlattice period, p.

Fig. 4. (20–25) reciprocal space maps of sample A, a 5-period 
In0.17Ga0.83N/GaN MQW and InGaN underlayer, and sample C, 
a 10-period In0.20Ga0.80N/GaN MQW and InGaN underlayer. 
Reciprocal lattice units are chosen such that │Q│= 2π/d,
where Q is the reciprocal lattice vector and d is the interplanar
spacing.

Fig. 5. Fitted simulations and measured (0002) ω/2θ
scans for Sample A, a 5-period In0.17Ga0.83N/GaN
MQW and InGaN underlayer. The fitted full model
gives an interface width w = 0.8 nm and a lateral 
thickness variation σ = 0.024. The scans are vertically 
offset for visual clarity.

Fig. 1. Flowchart describing the modeling approach used to 
simulate the effect of interface \grading and lateral film-thickness 
variation on x-ray diffraction by InGaN/GaN MQWs.


