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Electron Emission Spectroscopy (EES) was performed on metalorganic chemical vapor 

deposition grown p-n--n+ junctions with p-thicknesses ranging from 50 to 300 nm, doped 

with [Mg] = 3.5×1019 cm-3. By measuring the decreasing emitted electron intensity from a 

cesiated p-GaN surface with increasing p-thickness, we were able to extract the minority 

carrier diffusion length of electron in p-type GaN, Le = 26 ± 3 nm. The measured value is 

in good agreement with literature reported values. The extrapolated electron current at the 

n- region – p-GaN interface is in reasonable agreement with the simulated electron current 

at the interface. 

  

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
5
0
0
2
9

mailto:wanying_ho@ucsb.edu


2 
 

The minority carrier diffusion length is one of the important material properties to be 

considered in the analysis of a wide variety of semiconductor devices.1–3 A range of experimental 

techniques have been implemented for measurement of the carrier diffusion length, such as 

electron beam induced current (EBIC),2,4,5 junction-based photocurrent,6 time resolved four wave 

mixing, light induced transient grating (LITG),7,8 surface photo-voltage spectroscopy,9 and a 

combination of photoluminescence (PL) spectroscopy and cross-sectional cathodoluminescence 

(CL) microscopy.10 In all these techniques, the material of interest was measured with external 

excitations such as electron or optical beam under zero bias conditions, which is different from the 

conditions of an electrically active device. In most of the techniques, complicated optics or 

modelling were required as well. In this study, we report on determination of the electron diffusion 

length Le in p-type GaN from electrically active p-n--n+ junctions using Electron Emission 

Spectroscopy (EES). 

In EES, a device of interest, typically a diode, is introduced into an ultra-high vacuum (UHV) 

environment.11–16 The surface of the device (p-type region) is then activated to achieve negative 

electron affinity (NEA) by depositing cesium or other low work function materials on the 

surface.17–19 By lowering the vacuum level to below the bulk conduction band minimum (CBM), 

the probability of electrons near the surface escaping into vacuum is increased. These electrons 

travel from the n-region where they were injected by the external circuit at the n-contact. In their 

journey through the active region and p-region, these electrons experience recombination and 

scattering, altering their energies, momenta, and concentration. By measuring the energy 

distribution of the emitted electrons, we are able to infer the processes experienced by the 

electrons. An Auger recombination process will generate hot electrons that can be located in higher 

energy side valleys,11,12,14–16,20 while overflow electrons will be detected in the conduction band 
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minimum (Γ-valley). A simplified schematic of electron overflow in a p-n junction as measured 

in the EES is depicted in Fig. 1. 

The (0001) GaN p-n--n+ epitaxial structures were grown by metal-organic chemical vapor 

deposition (MOCVD) on a single side polished (0001) sapphire substrate in the following order: 

2 μm thick unintentionally-doped (UID)-GaN buffer layer, 2 μm n-type GaN:Si layer ([Si] = 4 × 

1018 cm-3), 1 μm UID-GaN drift region, either 50, 75, 150, 200, or 300 nm GaN:Mg ([Mg] = 

3.5×1019 cm-3), and a highly doped 15 nm p-contact layer ([Mg] = 3×1020 cm-3). The UID region 

was designed to be thick to ensure low forward leakage current such that the injected carriers pass 

through the junction instead of leakage pathways.21 The highly doped p-contact layer is necessary 

to achieve ohmic contact to the p-GaN. Aside from the p-layer thickness, the samples were grown 

under identical conditions to ensure that the n- and UID-GaN are nominally identical. The order 

of growths were randomized to decouple systematic growth variation effects. The p-thicknesses 

were determined by calibrating growth rates using X-ray diffraction, where thickness fringes were 

used for thickness determination on a calibration sample. Since it was reported that the diffusion 

Figure 1: Schematic showing electron overflow in a forward biased p-n junction, with the relevant 
energy levels drawn. The electron concentration reduces further away from the junction in the p-
GaN with a characteristic length known as the minority electron diffusion length. 𝐸𝑣𝑎𝑐 is the vacuum 
level at the surface of the sample, Γbulk is the position of the bulk crystal conduction valley minimum 
(Γ-valley),  𝐸𝐹𝑛 and 𝐸𝐹𝑝 are the quasi-Fermi levels of the electrons in n-GaN and holes in p-GaN, 

respectively. 
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length is highly dependent on the material quality and doping concentration,22 for thorough 

comparison we measured the full width at half maximum of the (0002) and (202̅1) X-ray 

diffraction peaks on these samples, which are 220 and 350 arcsec, respectively, giving an estimated 

threading dislocation density (TDD) of 5×108 cm-2.23 The doping concentrations reported were 

determined using Secondary Ion Mass Spectroscopy (SIMS).  

For each sample, a single EES device of honeycomb pattern of area 0.22 mm2 was made, 

comprising of an array of 4602 exposed hexagonal p-GaN with an apothem of 2.5 μm separated 

by 2 μm wide 30 nm Pd/ 300 nm Au metal strips.13 The ratio of exposed p-GaN to metal area for 

the device is 45:55. The sample was cleaned using HCl and acidic piranha before introduction into 

an UHV EES system as described elsewhere.11 A submonolayer of Cs was deposited (cesiation) 

using a SAES Getters cesium source while monitoring photoexcited electrons emitted from p-

GaN, with which negative electron affinity (NEA) was confirmed when the photoemitted current 

increased and reached a maximum.11 The escape probability of an electron at the p-GaN surface is 

affected by the position of the vacuum level Evac and the condition of the cesiated surface. Since it 

is a function of the emitting surface, photoemission quantum yield (𝑌 ) measurements were 

performed on an exposed area of p-GaN with no metal coverage using a calibrated focused 

monochromatic 355 nm beam from an Energetiq Laser Driven Light Source (LDLSTM) EQ-99 

passed through a monochromator, and the photoemitted electrons were collected using a 90 V 

biased wire.  

EES was performed with the devices biased under pulsed mode in the dark, with variable duty 

cycles, 100% to 5%, for injection currents ranging from 1 to 45 mA corresponding to average 

current densities ranging from 0.45 to 20.0 A cm-2, respectively.  The injection currents and duty 

cycles were chosen to be low to avoid self-heating without sacrificing signal-to-noise ratio, and to 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
5
0
0
2
9



5 
 

ensure that the junction voltage is below the built-in voltage, which is calculated using 𝑉𝐵𝐼 ≈ 𝐸𝐺𝑞 +
𝑘𝐵𝑇𝑞 ln (𝑁𝐷𝑁𝐴𝑁𝐶𝑁𝑉) , where 𝐸𝐺  is the bandgap of GaN, 𝑁𝐷  and 𝑁𝐴  are the donor and acceptor 

concentration in n- and p-GaN, respectively, and 𝑁𝐶  and 𝑁𝑉  are the effective density of the 

conduction band and valence band states, respectively. For the measured doping, the built-in 

voltage is calculated to be 3.33 V. The samples were electrically similar with a maximum voltage 

difference of 0.27 V at 20 A cm-2 between samples of different thicknesses after accounting for 

series resistances (see Fig. 2 (a)). Circular Transmission Length measurements (CTLMs) yielded 

p-contact and n-contact specific contact resistivities of 7.2 × 10−4 Ω cm−2  and 5.7 ×10−5 Ω cm−2, respectively. The ideality factors of the diodes, η were extracted from the linear 

regime of the current – voltage (I – V) curves using the equation:  

ln(𝐼) = ln(𝐼𝑆) + 𝑞𝑉𝜂𝑘𝐵𝑇  (1) 

where 𝐼𝑆 is the reverse saturation current. 𝜂 ranges from 1.73 to 2.27 for these diodes, indicating 

deviation from ideal diode behavior due to presence of recombination centers in the middle of the 

junction. Capacitance – Voltage (C-V) measurements as shown in Fig. 2 (b) based on Hilibrand 

and Gold indicated that the UID-region has a net average electron concentration: 

𝑛̅(UID) = 2𝑞𝜀 𝑑(1 𝐶2⁄ )𝑑𝑉   (2) 

in the low 1015 cm-3,24 where 𝜀 is the permittivity of GaN. Hence the UID region is essentially a 

lightly n-doped region due to incorporation of oxygen impurities, a shallow donor.25–27 SIMS 

measurements supported the CV data, indicating that the oxygen concentration in the UID region 

is below detection limit at < 1016 cm-3. 
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The energy of the emitted electrons was measured referenced to the Fermi level of the p contact 

using a Comstock AC-901 spherical sector electrostatic analyzer operated in constant pass energy 

mode with an energy resolution of 90 meV.12 A corresponding set of pulsed and continuous wave 

(CW) measurements were performed using the 90 V collection wire without energy resolution to 

quantify the collection efficiency of the energy analyzer and Faraday cup. 

With increasing diode current, there was an increased voltage drop across the metal-

semiconductor interface that shifted the measured energy of electrons emitted from the 

semiconductor surface to higher values.12,13 Inversely, by comparing the energy shift with the 

Figure 2: (a) Current – Voltage (I-V) curves for the different diodes measured. The curves shown 
are corrected for series resistances. The corresponding average current density of the diodes are 
included. The ideality factors of the diodes are extracted from the linear regime in ln(I) vs. V plots 
far from turn-on. (b) Capacitance – Voltage (C-V) measurements indicated that the UID-region has 
net electron concentration in the low 1015 cm-3. 
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applied diode current (or voltage) we can extrapolate the energy shift to expected zero diode 

current which should correspond to the bulk CBM. The high energy thresholds of peaks resolved 

in the energy distribution curves (EDCs) were extracted from the zero-intercept of the positive 

slopes in the derivatives of the EDCs (DEDCs).28–30 
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Figure 3: The measured energy distribution curves (in terms of Faraday cup current) shown in (a) 
for the 𝑑𝑝−GaN = 75 nm sample at different currents, exhibiting one distinct peak. The peak has a 

high energy threshold of ~3.5 eV at 0.45 A cm-2 (1 mA) as shown for the 𝑑𝑝−GaN = 75 nm sample 

in (b), which corresponds to the Γ-valley CBM in GaN and increases with increasing applied diode 
voltage in (c). 
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The measured energy distribution curves (EDCs) for the 𝑑𝑝−GaN = 75 nm sample at different 

diode currents are shown in Fig. 3 (a), where a main distinguishable peak is observed for each 

EDC. The extracted high energy thresholds for this peak increase with increasing applied diode 

voltage as shown in Figs. 3 (b) and (c), indicating its origin to be from the semiconductor. The 

high energy threshold at 0.45 A cm-2 is found to be 3.52 eV above the Fermi level, which 

corresponds to the bulk CBM (Γ-valley) of GaN. The obtained bulk valley minimum is higher than 

the true value due to additional small voltage drops from the UHV stage clips to the sample p-

surface, which is indicated by a corresponding shift in the low energy threshold of the Γ-valley 

peak with injected current as depicted in Fig. 3 (b). 

The collected currents with and without energy resolution, 𝐼𝑒𝑚𝑖𝑡𝑡𝑒𝑑 , after correction for 

photoemission quantum yield, 𝑌 (as described below) for various diode currents are shown in 

Fig. 4.  The electron current increases by four orders of magnitude with diminished top-layer 

thickness. 
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The electron current reaching the surface is governed by the minority carrier diffusion equation. 

From there, the minority carrier diffusion length, 𝐿𝑒  in the p layer is obtained by solving the 

diffusion equation in the form of: 𝑑2𝑛𝑝𝑑𝑥2 = 𝑛𝑝𝐷𝑛𝜏𝑛 = 𝑛𝑝𝐿𝑒2   (3) 

where 𝑛𝑝  is the minority carrier (electrons) concentration in p-GaN, 𝐷𝑛 = √𝑘𝐵𝑇𝜇𝑛/𝑞  the 

diffusion coefficient at temperature 𝑇 for electron mobility 𝜇𝑛, 𝜏𝑛 the lifetime of the electrons, 

while 𝑘𝐵  and 𝑞  have their usual meanings of Boltzmann constant and electron charge. After 

applying relevant boundary conditions, this equation has solutions of the form: 

𝑛𝑝(𝑥) = 𝑛𝑝(𝑥 = 0)𝑒− 𝑥𝐿𝑒 

Figure 4: The total collected current ( 𝐼𝑒𝑚𝑖𝑡𝑡𝑒𝑑 ) after correction by quantum yield ( 𝑌 ), of 
electroemitted electrons from the 90 V biased collection wire for different diode currents decreases 
with increasing p-GaN thicknesses. The inset shows a corresponding integrated intensity from the 
energy distribution curve obtained using the analyzer and Faraday cup system for diode current of 
45 mA (the horizontal and vertical axes for the inset have the same units as the main figure). 
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where 𝑛𝑝(𝑥 = 0) is the electron density at the injection interface between the UID depleted region 

and the top p-GaN layer. From this expression, we deduce the one of 𝐼emitted, the emitted electron 

current from the activated surface of a p-i-n junction with a p-doped layer of thickness 𝑑: 

 𝐼emitted(𝑑) = 𝐼𝑒𝑃esc𝑒− 𝑑𝐿𝑒 (4) 

where 𝐼𝑒 is the electron current at the injection interface between the UID depleted region and p-

GaN interface and 𝑃esc is the escape probability of the electrons from the emitting surface. 𝑃esc can 

be different for the different samples because it depends on the surface activation and on the 

recombination velocity of photoelectrons at the surface. It can be determined from the 

measurement of the photoemission quantum yield, 𝑌, according to the following equation: 

 𝑌(𝜆) ≈ 𝑃𝑒𝑠𝑐(1 − 𝑅𝜆) 𝛼𝜆𝐿𝑒1 + 𝛼𝜆𝐿𝑒 (5) 

where 𝑅𝜆  and 𝛼𝜆  are, respectively, the reflectivity of the sample surface and the absorption 

coefficient for 𝜆 = 355  nm, chosen to be just above the optical bandgap.31,32 Note that the 

photoemission quantum yield expression has no explicit dependence on the p-GaN thickness, d, 

when 𝐿𝑒 is smaller than 1/ and than d, which will be confirmed below. 

Then, 𝐿𝑒 can be determined from the slope of the dependence of 𝐼emitted 𝑌⁄  on the p-GaN layer 

thickness d: 

 ln [𝐼emitted(𝑑)𝑌𝜆 ] = − 𝑥𝐿𝑒 + ln (𝐼𝑒  1 + 𝛼𝜆𝐿𝑒(1 − 𝑅𝜆)𝛼𝜆𝐿𝑒) (6) 

 

The photoemission quantum yield measured at 355 nm ranges from 0.3% to 1.3% for the series. 

The total collected currents for measurements with energy resolution is obtained by summing over 

the entire EDC. Normalizations for the pulsed diode currents are applied to both collection wire 

currents and EDCs by dividing by their corresponding duty cycles. All measurements yielded good 
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fits to equation 6 (Pearson’s coefficients, 𝑅 = −0.98). Performing least square fits across all 

currents in Fig. 4 yielded diffusion lengths of 25 nm from the EDC measurements and 26 nm from 

the total current collection wire.33 Note that these values are indeed smaller than 1/ which is 100 

nm for α = 105 cm-1, and d.34 

We can analyze further the data in Fig. 4: the slopes are of course the diffusion length, and the 

separation between the lines giving data for different injected electron currents represent the 

resulting different injected electron currents at the interface of UID-GaN and p-GaN where 𝑥 = 0. 

It is clear from the y-intercepts of the straight lines in Fig. 4 that the injected electron current at 𝑥 = 0 is not linearly proportional to the diode current, spanning two orders of magnitude for diode 

current range of 1 to 45 mA. Since the differences may arise due to the presence of hole current as 

the EES system only detects electrons and not holes, to analyze the y-intercept of the fits – the 

expected electron current collected at zero p-GaN thickness in these p-i-n diodes, 𝐼𝑒 – we must 

first calculate the injected electron current at the interface of the UID-GaN and p-GaN. Using a 

1D Poisson-drift-diffusion solver, the current – voltage (𝐽 − 𝑉) characteristics of these devices 

were simulated.35–37 The non-radiative Shockley-Read-Hall (SRH) lifetime of the electrons, 𝜏nonrad in p-GaN was taken to be 60 ps while 𝜏nonrad in UID-GaN was varied from 3 ns to 50 ns. 𝜏nonrad of holes in the UID-GaN was taken to be same as that of electrons in UID-GaN. Current 

crowding effects were accounted for using analytical solutions for circular apertures to 

approximate the lateral junction current density profile of hexagonal apertures.38 Further details of 

the simulation are included in the supplementary material (also see references therein).13,22,37,39 
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The simulated fraction of current injected into p-GaN from UID-GaN as electrons, 𝐼𝑒/𝐼𝑑𝑖𝑜𝑑𝑒 

is plotted in Fig. 5. 𝐼𝑒/𝐼𝑑𝑖𝑜𝑑𝑒 is found to be varying with injected current, varying from 1.0% for 

1 mA to 8.2% for 45 mA for non-radiative lifetime of electrons in the UID-GaN, 𝜏nonrad of 15 ns, 

assumed constant for different carrier densities. The fraction of electrons injected into p-GaN from 

UID-GaN reduces as expected for smaller 𝜏nonrad . This is due to the long journey taken by 

electrons through the thick UID-GaN, where scattering and recombination take place. This is 

supported by simulations for a short 100 nm thick UID-GaN region with otherwise identical 

parameters, where larger 𝐼𝑒/𝐼𝑑𝑖𝑜𝑑𝑒 were obtained. After accounting for the minority electron loss 

due to diffusion in the highly doped 15 nm thick p-contact region, the experimental 𝐼𝑒/𝐼 at 𝑥 = 0 

agrees in general with the simulated 𝐼𝑒/𝐼𝑑𝑖𝑜𝑑𝑒 for 𝜏nonrad of 15 ns. Despite the small differences in 

Figure 5: Dependence of the simulated fraction of electron current injected from the UID-GaN into 
the p-GaN region on the supplied diode current with non-radiative carrier lifetimes in the UID-
GaN ranging from 3 ns to 50 ns. The simulated current has been corrected for current crowding 
effects and aperture to metal area ratio, while the experimental data obtained from the y-intercepts 
of lines fitted in Fig. 4 had been corrected for additional loss in the highly doped p-contact layer.38 
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trend between experimental data and simulation, it is remarkable that 𝐼𝑒/𝐼𝑑𝑖𝑜𝑑𝑒  could be 

reasonably extracted within factor of 2 using EES. 

In the literature, electron diffusion length in p-GaN measurements based on EBIC techniques 

reported a wide range of values from 41 to 200 nm, where larger EBIC acceleration voltages appear 

to correlate to larger measured values.2,22,40–42 While larger acceleration voltages probes deeper, 

depth dependent and cross-sectional EBIC measurements by Celio et al. reported consistent 𝐿𝑒 of 

~41 nm between the two different EBIC methods. The measured 𝐿𝑒 values reported here are on 

the lower end of this range of values and are in reasonable agreement with Celio et al. In combined 

PL and CL measurements,10 there is complication in using the luminescence intensities due to 

having two possible sources of carriers generating the luminescence spectrum – by diffusion from 

the p-GaN or by direct photoexcitation, yielding an 𝐿𝑒 value of 93 ± 7 nm. This value is four times 

larger than our reported value possibly because of a larger diffusion coefficient or longer 

recombination lifetimes due to the high photoexcitation conditions employed.10,28–30,38 The 

photoexcited carrier densities were in excess of 1018 cm-3 while our measurements are simulated 

to have electron densities ~ 1015 to 1017 cm-3, hence our results are consistent with the reported 

diffusion lengths in literature.  

In conclusion, we have measured electrons emitted from a series of c-plane GaN p-n--n+ 

devices with variable p-GaN thicknesses. We have shown that the electrons originate from the 

CBM of GaN and decrease in intensity with increasing p-GaN thickness, yielding minority carrier 

diffusion length of ~26 nm consistent with literature reported values.   
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Supplementary Material 

The supplementary material discusses the analysis of the extracted current at p-n- metallurgical 

junction for different samples. The SIMS profile is also included in the discussion. 
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