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GaN/ A lGaN photo detecto r that exhi bi ts new interestin g prop ert y is
presented . I ts spectral sensiti vi ty dep ends up on bias voltage. U nder positive
or low negative bias the detector is sensitiv e mainly to the ultra Ùolet radi -
ation absorb ed by A lGaN layer 3.7{3. 8 eV . U nder negative bias U B below

{ 4 V , the detector is sensitive mainly to the radiation absorb ed by GaN
(3. 4{3. 6 eV ). The e˜ect can b e explaine d based on numerical calculati ons of
the electric Ùeld and potential proÙles of this structure. T he damping of GaN
signal is attributed to activity of 2D electron gas formed on the GaN /A lGaN

interf ace by spontaneous polari zati on. The reapp earing of the signal is at-
tributed to tunneling of holes through A lGaN , stimulated by a high electric

Ùeld.

PAC S numb ers: 73.40.K p, 73.50.Pz, 78.40.Fy

1. I n t rod uct io n

Co nsidering current adv ances in ni tri de techno logy, Al GaN/ GaN structure
is the m ost prom ising m ateri al for photo detecti on in the ul tra vi olet (UV) region of
the spectrum , suita ble to develop e£ cient vi sibl e-bl ind [1] and solar-bl ind sensors
[2]. Taki ng into account i ts superior radi ati on hardness and high tem perature
resistance, thi s m ateri al is suita ble for devi ces wo rki ng in extrem e condi ti ons.
Appl icati ons range from space com muni cati ons to ozone layer m onito ri ng or Ûam e
detecti on.

Up to now, m any prom ising Al GaN/ GaN detecto r structures have beenstud-
ied [2{ 5]. The results show tha t Al GaN/ GaN, p À i À n hetero di odes show consid-
erable prom ise as solar-bl ind photo detecto rs [2]. On the other hand, the Schottky
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barri er detecto rs based on Al 0 : 2 2 Ga0 :2 8 N havi ng a vi sible rej ection of 3 to 4 or-
ders of m agni tude pro ved to be very fast. A m inimum decay ti m e as short as
15 ns was reported f or these di odes [4]. Furtherm ore, i t has been found [5] tha t
hi gh charge density , tw o-dimensional (2D ) electron gas can be real ized even wi th-
out any dopi ng, caused by the stro ng piezoelectri c and sponta neous polarizati on
e˜ects natura l to the hexagonal group- I I I ni tri des [6]. Interesti ng e˜ects can be
obta ined by intro duci ng ul tra thi n Al N interl ayer produci ng 2D electron gas inside
GaN [7].

Here we present a detecto r structure consisti ng of tw o acti ve layers: undo ped
Al x Ga1 À x N and undo ped GaN, both parti ally stra ined. Thi s structure conta ins 2D
electron gas at the GaN/ Al GaN interf ace tha t can be contro l led by externa l bias.
The increase or decrease in electron concentra ti on leads to changes in minori t y
carri ers l i feti me and distri buti on of the electri c Ùeld. In thi s way, i t is possible to
contro l spectra l sensiti vi ty of the detecto r. Thi s pro perty can be used, in detecto rs
tha t can simul ta neousl y m easure UV A and UV B radiati on and disti ngui sh them .

2. Ex p er im ent

The structure wa s grown by meta lorgani c chemical v apor depositi on
(MOCVD ) on the sapphi re substra te. Two acti ve layers of undoped Al x Ga1 À x N
(x = 0 : 1 1 and 0.17, d = 6 0 and 70 nm ) and undo ped GaN (d = 1 4 0 nm ), both
nearl y relaxed were grown on a thi ck conducti ve GaN: Si layer. The nom inal donor
concentra ti on of the GaN:Si layer was N D = 2:0 È 1018 cm À 3 . A very thi n GaN cap
layer was grown on to p to pro tect Al GaN layer. Semi tra nsparent, gold, Schottky
conta cts were evaporated on the surface. The ohm ic conta cts were al loyed to m ake
connecti on to the GaN: Si layer (see Fi g. 1).
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The sam ples showed photo lum inescence, vi sibl e even at room tem perature
(see Fi g. 2). The photo current (PC) spectra were m easured in tem perature range
from 8 to 300 K, under di ˜erent bias vol ta ges. Il lum inatio n intensi ty was
0.1À 1 ñ W / cm 2 .

Fig. 2. Bias- dep endent spectra of the A lGaN /GaN photo detector. Signal w ith maxi-

mum at 3.73 eV is due to A lGaN , the maximum at 3. 42 eV is due to GaN .

It was observed tha t the PC spectrum depended up on bi as vol ta ge (U B ).
Under positi ve or low negati ve bias the detecto r was sensiti ve mainly to UV ra-
di ati on absorbed by Al GaN layer (see Fi g. 2). The signal from Al x Ga1 À x N de-
pended up on Al content. For exam ple, its m axim a were at 3.73 eV and 3.84 eV for
x = 0 : 1 1 and 0.17, respecti vely. At U B = 0 V, the sensiti vi ty for radiati on below the
Al GaN thresho ld wa s at least two orders of magni tude lower tha n the sensiti vi ty at
the m axi mum. Appl icati on of negati ve vol ta ge led to an increase in the sensiti vi ty
of GaN. At room tem perature the signal from GaN started at about 3.4 eV and
reached maxi mum at the energy of 3.42 eV. At about { 4 V the signals form GaN
and Al GaN had simi lar am pl i tudes. Spectra measured at U À 5 V and below
were dom inated by photo current related to the exci ta ti on of GaN. The e˜ect was
ful ly reversibl e, after return to zero bias the sensiti vi ty in the GaN spectra l range
decreased.

The dram ati c change of the GaN- related sensiti vi ty in the range 3.4{ 3.6 eV
can be described by the rati o of PC at U À 5 V to PC at 0 V, whi ch was equal
to about 2500 (at 3.4 eV). A slight increase in PC at 3.7 eV can be expl ained by
the increase in the signal from GaN, whi ch was also sensiti ve for photo ns of 3.7 eV
energy. The e˜ect had a weak therm al dependence. The decrease in tem perature
caused a para l lel decrease in sensiti vi ty of GaN and Al GaN layers. The m axim a
of sensiti vi ty moved to higher energies in agreement wi th the expected increase in
the band gap.

El ectroreÛecta nce bi as-wa velength (E RBW ) m appi ng techni que [8] was used
to analyze electri c Ùeld in the structure. A Schottky diode bi ased wi th a sum of
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D C vol ta ge (U ) and AC m odul atio n signal (U 0 cos ! t ) was il lum inated wi th a
m onochro mati c l ight of wa velength Ñ . R eÛected l ight was m easured wi th a vol t-
m eter and lock- in analyzer sim ulta neousl y. The signals m easured for vari ous bi ases
and wa velengths form ed the electro reÛectance (ER ) maps. In wa velength dom ain,
cl ear Franz{ Kel dysh oscil lati ons (FKOs) were observed.

The FKOs can be described using asym pto ti c expansions f or Ai ry func-
ti ons [9]:
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where E i s an energy gap, ' | a phase factor, À | a bro adening parame-
ter, and h¨ i s an electro -opti cal energy, connected wi th reduced e˜ecti ve mass
of electro n{ hole pai r (ñ ) and an electri c Ùeld (F ) by the expression h¨ 3

e hF 2 = ñ . D ue to a periodi c dependence of the R =R signal as a functi on of
E À E = i t i s possible to calculate the electri c Ùeld using the Fouri er tra nsform

(FT) analysis.
Based on the ER BW techni que, a high electri c Ùeld of the order of 500 kV/ cm

wa s f ound in the Al GaN layer. The Ùeld wa s obvi ously caused by sponta neous
polari zati on of the GaN/ Al GaN interf ace [7]. The electri c Ùeld in the GaN layer
wa s very low (b elow 20 kV/ cm) at positi ve or low negati ve biases. The Ùeld in the
GaN layer reached m easura ble values at bias below { 2 V. At U À 4 V, i t was
about 100 kV/ cm.

The experim ental results can be com pared wi th theo reti cal exp ectati ons
based on the simpl enum erical m odel . Electri cal charge is a source of electri cal Ùeld
tha t changes the potenti al along the structure. On the other hand, concentra ti on
of the charged parti cles depends upon potenti al , so the charge, Ùeld, and potenti al
di stri buti ons n z ; p z ; E z , and V z must be calcul ated simul ta neously by a
self-consistent pro cedure [10, 11]. Since the sam ple is under i l lum inatio n, the Fermi
level is not consta nt along the sampl e, so the Ferm i{ Di rac di stri buti on cannot be
used di rectl y to determ ine the carri er concentra ti on. Instea d, it is determ ined by
solvi ng electri cal tra nsport equati ons inv olvi ng dri ft in an electri c Ùeld, di ˜usi on,
generati on by l ight, and recombi natio n.

The electri c Ùeld E z i s generated by the bi as U appl ied to the sam ple, by
electri cal charges £ z (el ectrons n , holes p , ioni zed donors n + and acceptors n ).
Since, the I I I{ V ni tri des possessa large sponta neous and piezoelectri c polarizati on
[7]. Theref ore, i t is necessary to incl ude also the polari zati on on the GaN/ Al GaN
interf ace P :

E z ; t
U

d "" 0

P e

z
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À n z p z n + z À n z dz ; (2)

where d i s the e˜ecti ve thi ckness of the structure .
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The resul ts of the num erical calcul ati ons are presented in Fi g. 3. It has
been found tha t the Schottky barri er and polari zati on at GaN/ Al GaN interf ace
P I cause a stro ng electri c Ùeld present in Al GaN layer, in agreement wi th the
electroreÛectance measurements (rep orted in the previ ous section). Since layers
are nearl y relaxed, the P I i s m ainly the sponta neous polari zati on. At low bias,
any electri c Ùeld in GaN is screened by the high electro n concentra ti on at the
Al GaN/ GaN interf ace. In fact, electrons attra cted by the electri c Ùeld form a 2D
gas at the interf ace.

Fig. 3. T he structure of the sample w ith calcula ted potential (A ) and concentration

(B, C ) distribu tio n.

Fig. 4. Quantum yield of A lGaN /GaN structure in di˜erent condition s. Solid lines |

real sample, dashed line | hyp othetical sample w ith valence band o˜set set to 0, dotted

line | hyp othetical sample with p olariza tion on interf ace set to 0. Light of h ¡ = 3: 6 eV

excites carriers only in GaN (low er solid line). Light of h¡ = 4 :0 eV excites the b oth

layers (higher solid line).

Thi s m odel al lows calcul ati ng quantum yi eld of the structure in di ˜erent
condi ti ons. In the case of hi gh-energy light tha t excites carri ers in both layers
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(G aN and Al GaN), i t has been found (see Fi g. 4) tha t the yi eld pra cti cal ly does
not depend up on vo l tage (under negati ve bi as). In the case of photo ns tha t excite
carri ers onl y in GaN, the quantum yi eld stro ngly depends upon vol ta ge. It changes
nearl y three orders of magnitude between U B = 0 V and { 2 V. Thi s result is in
good agreement wi th exp erimenta l data (see Fi g. 2).

In order to check wha t causes the e˜ect, two hyp otheti cal structures have
been analyzed: one wi th valence band o˜set VB o˜ set to 0 and the other, wi th
polari zati on on interf ace P I set to 0. It has been found (see Fi g. 4) tha t wi tho ut the
polari zati on, the yi eld is not sensiti ve to bias. However, wi tho ut band o˜set, the
e˜ect is also much weaker. Theref ore, both factors, the o˜set and the polarizati on
are im porta nt for bias-dependent spectrum e˜ect. Mo re preci se analysis shows tha t
tra nsport of photo excited holes is crucial to thi s e˜ect. Photo exci ted electrons
can Ûow even at a low electri c Ùeld. However, ho les are stopped at Al GaN/ GaN
barri er. The accum ulated holes cause a fast electron recombi nati on whi ch reduces
photo current related to the GaN (3.4{ 3.6 eV). At a high electri c Ùeld the barri er
becomes tri angular and holes can tunnel thro ugh i t, so the sampl e is sensiti ve also
to the 3.4{ 3.6 eV radiati on (see exp erimenta l results in Fi g. 2).

4 . Co n clusion s

It has been shown tha t PC spectrum of a GaN/ Al GaN photo detecto r can
depend up on bias vo l ta ge (U B ). Under positi ve or low negati ve bi as the detecto r
wa s sensiti ve m ainly to UV radiati on absorbed by the Al GaN layer. Appl icati on of
negati ve vol tag e led to the increase in sensiti vi ty connected wi th photo exci ta ti on
of GaN.

The electroreÛecta nce-bias wa vel ength m appi ng al lowed determ inati on of
the electri c Ùeld in the Al GaN and GaN layers. The Ùeld depended on the bias
and the polarizati on on the GaN/ Al GaN interf ace.

Num erical calcul ati ons of charge tra nsport show tha t a barri er form ed by
valence band o˜set and the polari zati on on the interf ace are cruci al for the bi as-
-dependent spectrum e˜ect.
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