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Persistent photoconductivity in a two-dimensional electron gas system
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Persistent photoconductiviff?PQ effect associated with a two-dimensional electron@&EG) in

an AlGaN/GaN heterojunction device has been observed. As a consequence, the device was
observed to be sensitive to light and the sensitivity was associated with a permanent photoinduced
increase in the 2DEG carrier mobility and density. By formulating the PPC buildup and decay
kinetics, we attributed the observed increase in the 2DEG carrier density and mobility to the
photoionization of deep level impuriti€DX like centers in the AlGaN barrier material. In the PPC

state, we were able to continuously vary the 2DEG carrier density in a single sample through
photoexcitation and it has been found that the 2DEG carrier mobility increases almost linearly with
the carrier density in the 2DEG channel. At 10 K, an electron mobility of 580%\¢ra has been
obtained in a PPC state. Implications of these observations on the device applications based on
AlGaN/GaN heterojunctions have also been discussed.19@7 American Institute of Physics.
[S0021-89707)05615-9

I. INTRODUCTION a 25-nm-thick undopedh-type GaN conducting channel,

GaN based devices offer great potential for application$ 92" followed ~ by _a  25-nm-thick undopec-type

such as high-power electronics, uv-blue lasers, and solaf:0aG N epilayer. The structure was deposited over a

blind detectors. Researchers in this field have made ex-Ba‘Q’aII plane sapphire substrate using a low pressure metal

tremely rapid progress toward materials growth as well a?O rganic chemical vapor depositidMOCVD) system. The

device fabrication. Room temperature blue lasers have beeXIOICaI room temperatur_e electron 7°°”°e””a“§”""e_t§.“

) vacancieswere, respectively, X 10'” and 5< 10" cm 3 in
demonstrated recently for the GaN systeidigh electron n-type GaN and AJ,Ga, N epilayers grown under similar
mobility transistors (HEMT) and field-effect transistors "> 128 9N EPIayers g

(FET), based on AlGaN/GaN heterostructures, hold promis&%:i?r?]ggm?hsé I?Cr)?r\gzzznexcf}erégggala?etﬁzu';”a‘iem; /22/,\? con-
—X

for high frequency microwave as well as for high power andheterointerfacé.‘5 The temperature dependencies of the

high-temperature electronic device applications and offer the . . :

. X S X electron density and mobility to be shown later in the present

advantage of high carrier mobilities due to the formation of a ! ) d S

. ; work again confirms the existence of a 2DEG in this struc-
two-dimensional  electron gas (2DEG by

heterojunctior?. > However, practical operation of these de- ture. In our experiment, the 2DEG electron density and mo-

vices still require detailed material and device characterizat-)IIIty were determined by the variable-temperature Hall-

. N ) . effect measurement technique. lllumination of the sample
tion and optimization. In this article, we report the observa- . .
. . o . was achieved using a mercury lartipp>E, of GaN) or a
tion of persistent photoconductivitfPPQ effects associated neon lamph»<E, of GaN). Details of PPC characterization
with the 2DEG system in an AlGaN/GaN heterojunction. As 9 ' . .

L . ; grocedures were similar to those described previously for a
a consequence, the device is sensitive to light and the sen I voe GaN epilave?
tivity is associated with a persistent photoinduced increase iR~ YP priayer.
the 2DEG carrier mobility and density. As for the AlGaAs/
GaAs modulation doped field-effect transistors, PPC by itself!l- RESULTS AND DISCUSSION
is not a problem for device operation, but its presence indi-  The 2DEG carrier density)s, has been measured in a
cates the possibility of other device instabilities associategjark state at different temperatures between 10 and 350 K, as
with cases such as charge trappfrigidditionally, the sys-  shown in Fig. 1. We see that the carrier freeze-out behavior
tem of 2DEG in AlGaN/GaN heterojunctions is a novel gt |ow temperatures was absent. This is in sharp contrast to
structure and may offer unique physical properties due to thghe typical behavior of a three-dimensioriaD) GaN system

large band offset between AlGaN and GaN. in which the 3D carrier density is thermally activated in the
same temperature range, i.e., decreases exponentially with
Il. EXPERIMENT temperaturé.This indicates that the dark equilibrium 2DEG

density is truly controlled by the interface depletion effects

The device structure investigated in this work consisteq, {he” AlGaN barrier, rather than by thermal ionization of
of a 2zum-thick highly insulating GaN epilayer followed by joh rities in then-GaN layer, which further confirms the

formation of a 2DEG at the AlGaN/GaN interface due to
3E|ectronic mail: jiang@phys.ksu.edu band bending. Similar features have been observed previ-
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FIG. 1. 2DEG carrier densityg, in an Al ;Ga JN/GaN heterostructure vs
temperatureT, measured in a dark state. The inset shows the device strucFIG. 2. Buildup and decay kinetics of PPC associated with the 2DEG sys-
ture used for this study and it consists of authick highly insulating tem in Aly ;G&, JN/GaN heterostructure measured at two representative tem-
GaN epilayer followed by a 25-nm-thick undopaetype GaN conducting  peratures(a) T=40 K and(b) T=300 K. The solid curves are the least
channel, again followed by a 25-nm-thick undopetype Aly ;:Ga, N epil- squares fit of experimental data withe(t) =1 4+ (I max— 1) (I —€~ %) for the
ayer. buildup part and with pp=14+ (1— | y)exd — (t/7)?] for the decay part.

ously for 2DEG systems in AlGaAs/GaXsand AlGaN/ L

GaN heterojunctiond! In fact, at temperatures 150<KT neon Igmp(hv<-E.g of GaN) as excitation sources. Under the
<350K, the carrier density decreases with an increase quc!tat!on cgndmoq ofan Eg of GaNH the energy Ofl the
temperature. This is due to the fact that more carriers start zgxi:ltathn P Or;[oné ISN TOt arlg:e err:oug écq)@%eréera:eee Ectron-
occupy the second subband at higher temperatures. It is wel®'© Pairs in the GaN layer. For the cas g OF Gal,

known that the lowest energy states in the upper subband in addition to the photoexcitation of deep level impurities,

the 2DEG channel are localized due to interface roughneé%]and'to'band excitation also generates electron-hole pairs in
and therefore cannot contribute to the Hall effectt® GaN layer. In our experiment, we found that both light

measuremen?14However, as more carriers start to OCCupysources gave similar results and we therefore believe that

the extended states of the upper subband when the temloe‘rggachanism(iii) is less likely. In order to discriminate be-

ture further increases, an increase in carrier density with temtyve.en mechanismg) ?nd(”)éwﬁ ha_\I/e also performedd COT“'.I
perature is expected. parison measurements on GaN epilayers grown under similar

The conductivity in the 2DEG channel at the AlGaN/ conditions and found that the PPC effect is absent in the GaN

GaN interface is extremely sensitive to light. More strik- epilayers, which Seems to suggest that mechaliigroan be
ingly, as shown in Fig. 2, photoinduced increase in the Ccmprecluded for our device structure. These results suggest that
ductivity persists for a long period of time after the removal the carrier density in the 2DEG ghannel is primarily contrib-
of light, an effect which is referred to as persistent photocon-lJteOI by the transfer of photoexcited electrons from the deep
ductivit,y (PPO. Such an effect has been observed inIevel impurities(or DX center$ in the AlGaN barrier layer.

AlGaAs/GaAs heterostructures only at low temperatd?és. However, a more powerful method for identifying the

As for the AlGaAs/GaAs systefhi2there are three possible " C mechanism is to formulate its buildup and decay kinet-
s. We have formulated the buildup and decay kinetics of

mechanisms for the persistent increase in the conductivity "IIfPC b qi AlGaN/GaN h : . d found
the 2DEG channel after illuminatiofor PPQ in AlGaN/ observed in our aN/GaN heterojunction and foun

that the PPC buildup and decay kinetics are identical to those
of (DX) centers in AlGaAs. The buildup of PPC caused by
DX centers in AlGaAs has been experimentally observed and
Jheoretically formulated to follow

GaN heterostructuregi) photoionization of deep level do-
nors in the AlGaN barrierii) photoionization of deep level
donors in the GaN layer; an(i) the generation of electron-
hole pairs in the GaN layer with a subsequent charge sep
ration by the _electric field frqm th_e macrospopic barri_er due lopd 1) = g+ (I ma— 1 g) (L— €%, 1)
to band bending. In order to identify the main mechanism for

PPC, we have used a mercury laiiiyp>Ey of GaN) and a ~ wherea is a constantl 4 is the initial dark conductivity, and
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FIG. 4. 2DEG mobility,u, as a function of temperatur&, measured in a
1/T), which gives an energy barrier of about 230 meV for the capture ofdark state(solid dotg and in a PPC stattopen circlg. The inset shows the

electrons in the 2DEG channel by deep level impurities in the AlGaN ma-ZDEG.' mobfili;y,ui asa fliantic.m qf caLr.ier dderl;sit;::, at 1OfK'D,|:\:\g1ere the
terial. The inset shows the decay exponghtas a function of temperature. variation of the electron density Is achieved by the Lise 0 ’

FIG. 3. The Arrhenius plot of the PPC decay time constaritn 7 vs

, i i . We have also measured the corresponding 2DEG carrier
Imax i the saturation level. While the decay of PPC associy pijities in a dark state and also in a PPC state at different
ated with DX centers in AlGaAs follows a stretched- o haratures and the results are shown in Fig. 4. The typical
exponential functiorl temperature dependence of the 3D electron mobility of a

lppe= g+ (Io—l exd — (t/n)F], B<1, ) semiconductor is absent in the 2DEG system here. In the 3D

GaN epilayers, the scattering is dominated by ionized impu-
wherel is defined as the conductivity buildup level at the rities at low temperatures and by phonons at higher tempera-
moment of light excitation being terminated,is the PPC tures. Hence the 3D electron mobility in GaN epilayers in-
decay time constant, an@ is the decay exponent. Figure 2 creases as temperature decreases from room temperature and
shows the buildup and decay kinetics of PPC in our AlGaN/eaches a maximum value between 50 and 150 K and it then
GaN heterostructure measured for two representative tendecreases as temperature further decreases due to ionized
peratures(a) T=40 K and(b) T=300 K. The solid curves impurity scattering:® On the contrary, the electron mobility
are the least squares fit of data with Ed) for the PPC in the 2DEG channel increases monotonically with a de-
buildup and with Eq.(2) for the PPC decay. It has been crease of temperature and is systematically higher than those
demonstrated that PP€,caused by spatial separation of in the GaN epilayers deposited under similar conditions. In
photogenerated electrons and holes by the electric field fromMIGaN/GaN heterostructures, the energy difference between
the macroscopic barrier due to band bending, decays logdhe bottom of the conduction band of AIGaN and GaN al-
rithmically in time. Thus our results shown in Fig. 2 also lows the electrons from the donof vacanciesin the Al-
suggest that the carrier density in the 2DEG channel is mostaN to fall into the GaN, creating a 2DEG. Thus the elec-
likely due to the transfer of photoexcited electrons from thetrons in the 2DEG channel are spatially separated from the
deep level impurities in the AlGaN barrier material. The PPCpositive ions in the AlGaN, leading to a higher mobility for
decay times constants, are very long, especially at low the 2DEG system than the epilayers. More importantly, the
temperatures. At temperaturés200 K, 7 is thermally ac- mobility in the 2DEG system shown in Fig. 4 enhances sig-
tivated as shown in Fig. 3, from which we obtain an energynificantly for all temperatures after photoexcitation in the
barrier for the capture of electrons in the 2DEG channel byPPC state. We attribute the 2DEG mobility increase to the
the deep level impurities in AlGaN of about 230 meV for the increased electron density in the 2DEG chanmegl, after
heterojunction investigated here. It is this large energy barilumination in the PPC state.
rier that prevents the decay of photoexcited electrons. The To support this interpretation, it is necessary to investi-
fitted values of the PPC decay exponesit.are around 0.3 gate the dependence of the electron mobility on the carrier
for all temperatures. density at fixed temperatures in the 2DEG channel. By uti-
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lizing the key features in the PPC state, i.e., the very longlensity and mobility in the AlGaN/GaN heterojunction used
lifetimes of photoexcited charge carriers and the continuousere. By formulating the PPC buildup and decay kinetics, we
variation of carrier density in the 2DEG channel in a singlehave attributed PPC to the photoionization of deep level im-
sample, we have measured the 2DEG electron mobjlity, purities(DX like center$ in the AlGaN barrier material. An

as a function of the carrier density;. The inset of Fig. 4 energy barrier of about 230 meV for the capture of electrons
illustrates the result for a representative temperature at 10 Kn the 2DEG channel by these deep level impurities has been
which indeed shows that increases linearly wittng when  obtained. In the PPC state, the 2DEG carrier mobility in-
passing from the dark to the saturated PPC state. Similazreases almost linearly with photoexcited carrier density. At
trends have been observed for all temperatures up to 400 KO K, an electron mobility of 5800 c#fV-s has been ob-

A mobility value as high as 5800 &V -s at 10 K can be tained in a PPC state. Implications of these observations on
obtained in a PPC state. Notice that the highest 3D electrothe device applications based AlGaN/GaN heterojunctions
mobility reported for GaN epilayers to date is abouthave also been discussed.

3000 cnd/V -s at about 80 K. The mobility enhancement due

to photoexcitation at a fixed temperature can be attributed tack NOWLEDGMENTS
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