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We analyzed the p—n junction of an aluminum gallium nitride (AlGaN) homojunction tunnel
junction (TJ) deep-ultraviolet light-emitting diode by phase-shifting electron holography. We
clearly obtained a phase image reflecting the band alinement of the p—n homojunction and
derived a depletion layer width of approximately 10 nm. In addition, the observed depletion
layer width for the AlGaN TJ was in good agreement with the simulated one reflecting the
diffusion profile of Mg and Si, thus enabling a discussion on the electrical conduction

mechanism for an AlGaN p-n junction.
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Aluminum gallium nitride (AlGaN)-based deep-ultraviolet (UV) light-emitting diodes
(LEDs) can be controlled to emit light having a specific wavelength in the range of 210-365
nm by changing the Al composition of light-emitting AlGaN layers. The deep-UV LEDs are
desired to replace mercury lamps for skin treatment, resin curing, and sterilization 1-3).
However, the wall plug efficiency (WPE) of commercial deep-UV LEDs has remained less
than 5 % 4-9). This is mainly because they have a p-type GaN cladding layer that
undesirably absorbs deep-UV light, resulting in extremely low light extraction efficiency
(LEE). To achieve high LEE for the deep-UV LEDs, such absorbing layers must be
substituted by fully transparent device structures in the deep-UV region; AlGaN tunnel
junctions (TJs) with high Al compositions have been regarded as a promising structure 10—
12). However, the operating voltages of AlGaN TJ LEDs are still high because our
understanding of the electrical conduction mechanism is insufficient for AlGaN TJs and the
device structural design has not yet been completely optimized. Some of the causes of the
high operating voltages have been considered to be as follows: high resistivity in the p*-type
AlGaN and n'-type AlGaN of the TJ due to self-compensation by, for example, cation-
vacancy—Si (Vir—nSi) (n =1 to 3) complexes, Mg inversion domains, and nitrogen vacancies
(V»*") 13-18); and low tunneling probability for the AlIGaN TJ due to the thick depletion
layer at the AlGaN TJ, which is caused by high ionization energies of dopants for both n-
type and p-type AlGaN. The depletion layer is closely related to nanoscale or atomic-scale
electric properties such as electric potential and charge density distributions. Visualizing the
electric potential and charge densities enables us to understand the electric conduction
mechanism of the TJ layer in greater detail and to optimize the TJ structure more efficiently.
Therefore, to reduce the operating voltage of AIGaN TJ deep-UV LED:s, it is important to
assess the local electric properties of the AlGaN p—n junction with high spatial resolution.
Although dopant distributions in a p—n junction can commonly be evaluated by secondary
ion mass spectrometry (SIMS), its spatial resolution is not sufficiently high to analyze the
AlGaN TIJ in detail. Moreover, SIMS cannot be used to evaluate the extent to which dopants
are not ionized, not activated or compensated for by some defects. One of the most effective
methods for local electric characterization is electron holography (EH), a transmission
electron microscopy (TEM) technique, with which one can directly obtain an electric

potential distribution at the nanometer scale. EH has been used to measure the potential of
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semiconductor structures, such as GaAs and GaN p—n junctions 19-21). In this work, we
measure the electric potential and derive the depletion layer width for the AlpsGaos4N
homojunction TJ by phase-shifting EH (PS-EH), which can simultaneously achieve high
precision and high spatial resolution 22-25). Besides that, we compare the depletion layers
obtained by PS-EH and band simulation to discuss the electrical conduction mechanism for
the AlIGaN T1J.

An AlGaN homojunction TJ deep-UV LED was grown by low-pressure metalorganic vapor
phase epitaxy (MOVPE) on 4-inch flat (0001) sapphire substrates with a miscut angle of
0.35° toward the sapphire [1120] direction. The AIN nucleation layer was grown at a surface
temperature of 1100 °C, and a 3-um-thick layer was subsequently grown at a surface
temperature of 1270 °C. A 1.3-um-thick n-type AlosGao4N underlayer doped with 3 x 10"
cm™ Si was grown on the AIN templatel17, 18). The growth of the n-type AlIGaN underlayer
was followed by that of second-period multi—-quantum wells (MQWs) consisting of 11-nm-
thick Si-doped n-type Alos5Gao.4sN barriers and 2-nm-thick Alo45Gao.ssN wells, then a Mg-
doped p-type Alo.ssGao.1sN electron-blocking layer, 50-nm-thick p-type Alo.sGaos4N, 50-nm-
thick p*-type Alo.sGao4N with 1.5 x 10*° ¢cm™ Mg, 40-nm-thick n*-type AlosGaosN with 1.
8 x 10%° ¢cm™ Si, and a 250-nm-thick n-type Alo.sGao4N contact layer. The device structure
is shown in Fig. 1 a). The electrical characteristics of bulk samples were described in ref. 12.
The Alo.sGao4N homojunction TJ deep-UV LEDs showed an operating voltage of 10.8 V
and a WPE of 0.7 % at 63 A/cm?®. A sample for PS-EH was extracted from the anode-side
electrode and thinned using a cryo-FIB system (Hitachi NB5000) operated at an accelerating
voltage of 40 kV and a low temperature of 120 K, by which thermal damage during ion
milling can be reduced. The FIB direction was perpendicular to the p—n junction. Then, the
surface damage layers were reduced using Ga-ion beams with lower voltages in the range of
5-20 kV at a sample temperature of 120 K. A sample with a smooth surface and a uniform
thickness of 350 nm is obtained. After depositing carbon, the flat plate region in the sample
was observed vertically with the device structure by EH TEM (Hitachi HF-3300EH) with a
cold field emission gun operated at 300 kV. A double-biprism optical system was used to
prevent Fresnel fringes in the electron-interference fringe pattern (hologram), as shown in
Fig. 1 b)26-28). Holograms are formed by the interference of an object wave modulated by

a sample with a reference wave passing through vacuum, recorded digitally using a charge-
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coupled device camera (Gatan UltraScan 4000). Subsequently, the holograms are used to
reproduce the phase of the object wave reflecting the electric potential of the sample. The
spatial resolution is 1.8 nm. The hologram must be commonly recorded under the off-Bragg
condition in the observation region by adjusting the sample tilt. In this study, the sample was
tilted by 0.7 from the direction parallel to the TJ interface. Each interface of the layers in
this TEM image is blurred by approximately + 4 nm. Figure 2 (Legends: black lines) shows
an ideal equilibrium band diagram and the charge density profile of an Alp¢GaosN
homojunction TJ LED calculated by SiLENSe29) using the simulation parameters of Mg
and Si impurities that were intentionally doped into each layer. The charge densities of the
p-type and n-type sides in the TJ were the same as the dopant concentrations, 1.5 x 10%° cm™
3and 1.7 x 10%° cm™, respectively; that is, all dopants act as electric charges near the AlGaN
p-n junction. The calculated thickness of the depletion layer was 4 nm. Figures 3 a), b), and
c) show the TJ layer structure, a cross-sectional TEM image of the Alo.cGao.sN homojunction
TJ, and a hologram in the same region, respectively. The TEM image (Fig. 3 b)) shows no
contrast arising from the interface of the AlGaN TJ with the same Al composition. We
confirmed that the Al compositions of both the p*-type AIGaN and n*-type AlGaN layers are
also approximately 60 % by point-by-point correction—secondary ion mass spectrometry
(PCOR-SIMS), as shown in Fig. 3 d). In the hologram (Fig. 3 c)), the interference fringes
bend at the interface between the p*- and n*-type AlGaN layers. A one-dimensional phase
profile reconstructed from the hologram (Fig. 3 c¢)) are shown in Fig. 3 e). The phase in the
n'-type AlGaN layer shifts as it comes closer to the TJ interface, which means that the
electric potential increases. On the other hand, the p"-type AlGaN layer shows the lowest
phase near the TJ interface. The phase difference shows an electric potential difference
between the p*-type and n"-type AlGaN layers27, 30). Thus, each AlGaN layer has a polarity
corresponding to the dopants, and the phase profile (Fig. 3 e)) well matched the SIMS profile
(Fig. 3 d)). Figure 4 shows the electric potential profile and charge density in the AlGaN

homojunction TJ, calculated using the phase profile and the following equations:

Ap = %AVt, (1)
dazav
Q=—e—— 2

where A¢, AV, Q, 4, E, t, and ¢ are the phase difference, potential difference, charge

density, wavelength of electron wave, acceleration voltage, active layer thickness, and
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dielectric constant, respectively. The phase profile (Fig. 3 €)) was converted to the potential
and charge density profiles (Fig. 4)) by assuming that the potential difference between the
p'-type and n'-type AlGaN layers is the built-in potential of 4.8 eV for AlGaN with an Al
composition of 60 %, where ¢ was 57.5 nm and the bowing parameter of Al,Ga;.xN was 1 eV
31). The value of ¢ was smaller than the sample thickness because of surface depletion and
damage caused by FIB processing 32—-34). From the potential profile (Fig. 4), the depletion
layer width was measured to be approximately 10 nm at the AlGaN TJ interface, which was
thicker than the calculated one in Fig. 2. Here, we defined the depletion layer width as the
distance between the maximum and minimum potential points in the potential profile (Fig.
4)). From the charge density profile (Fig. 4), both of the charge densities in the p'-type and
n’-type AlGaN layers at the TJ interface were measured to be approximately 1.1 x 10% cm™
3, which were lower than those in Fig. 2. To discuss the results of PS-EH, we performed a
more practical band simulation reflecting the impurity profiles by SiLENSe. Figure 2
(Legends: red lines) shows the simulated equilibrium band diagram and the charge density
profile of the AlpsGao4N homojunction TJ, reflecting the Mg and Si diffusion profiles
obtained by P-COR SIMS. From the band simulation, the depletion layer width was
calculated to be 10 nm, which is consistent with that measured by PS-EH. The simulated
result indicates that the depletion layer is widened by carrier compensations due to the
diffusion of both Mg and Si in the AIGaN homojunction TJ and suggests that the carrier
compensations occurred in the actual TJ in the present AlGaN TJ LED sample. The
simulated electric charge densities in the p*-type and n'-type AlGaN layers were 5.0 x 10"
cm™ and 7.7 x 10" cm, respectively, which are lower than those measured by PS-EH. This
discrepancy between the simulated and measured charge densities may be due to the
inadequate measurement precision. Since the noise in the measured electric potential profile
was amplified by differentiation (Eq. (2)), the resulting charge density profile was noisy, as
shown in Fig. 4. To measure the charge densities more accurately, the precision of PS-EH
must be improved. We also observed positive and negative charge spikes of 7-8 x 10! cm™
in the p*-AlGaN side shown in Fig. 4, arising from the electric potential valley; such charge
spikes do not look like artifacts. Although these charge spikes may be caused by dopant
segregation near the TJ interface, the origin is currently unclear. In the future, we will attempt

to suppress impurity diffusions at the TJ using better growth techniques, such as low-
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temperature growth, to obtain TJs with a narrower depletion layer and to reduce the operating
voltage. In addition, we will optimize the doping concentration in the AlIGaN TJ since the
p -type/n*-type AlGaN layers are strongly affected by self-compensations. 13-18)

In summary, we analyzed the electric potential of AlGaN homojunction TJ deep-UV LEDs
by PS-EH. We directly measured the depletion layer width in the Alo.sGao4N homojunction
TJ to be approximately 10 nm. The measured depletion layer width was in good agreement
with that calculated by the band simulation for the AIGaN homojunction TJ reflecting the
impurity profiles, which suggests the importance of suppressing impurity diffusions in the
TJ. We also found that the precision of the present PS-EH is not sufficiently high to correctly
measure the charge densities in the AlGaN TJ. These results indicate that PS-EH can provide
important and unique information on nanoscale electric properties in the AlGaN
homojunction TJ deep-UV LEDs and will be made more useful by improving its
measurement precision by, for example, using a direct detection camera and/or machine

learning image processing. 27, 35, 36)
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Figure Captions
Fig. 1. a) Device structure of Alp.sGao4N homojunction TJ deep-UV LED. b) Schematic
diagram of the optical system in the TEM for double-biprism PS-EH.

Fig. 2. Equilibrium band diagrams and the charge density profiles of AlosGao4N
homojunction TJ layer calculated by SiLENSe. Regarding the red line, the diffusion of
impurities Mg and Si was added to the simulation parameters of Mg and Si in the SIMS
profile. The depletion layer widths are defined as the distance between the maximum and

minimum charge density points (black and red arrows).

Fig. 3. PS-EH observation of Alp.sGao4N homojunction TJ deep-UV LED sample. a) Layer
structure of AlGaN homojunction TJ deep-UV LED, b) cross-sectional TEM image of
AlGaN homojunction TJ deep-UV LED, c) electron-interference fringe pattern (hologram)

in region a), d) SIMS profile across layers, and e) phase profile across layers.

Fig. 4. Electric potential profile of Alo.sGao.sN homojunction TJ layer calculated from phase
profile (Fig. 3 e)).

11
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